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1
Introduction

In his youth Albert Einstein spent a year loafing aimlessly.
You don’t get anywhere by not ”wasting” time.

This is something, unfortunately,
that the parents of teenagers tend frequently to forget.

Carlo Rovelli, in Seven Brief Lessons on Physics

1
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2 1. Introduction

1.1. Introduction to self-healing polymers
Materials are traditionally optimised for a certain application by following the de-
sign rules of damage prevention. The material properties (e.g. its mechanical
response) have to match the standard operational conditions magnified by a safety
factor that takes into consideration any unforeseen unusual/critical loadings and
the inevitable property decrease due to material degradation over time. In these
systems, if damage occurs, it is permanent and often growing with time resulting,
eventually, to the need to repair the construction [1, 2]. Living organisms have a
different approach to deal with damage and use an alternative strategy referred to
as ‘damage management’ [3]. Critical damages are considered to be unavoidable,
so organisms respond to it by autonomously initiating damage mitigation actions.
At the material level this ability is referred to as ‘self-healing’. Scientists have tried
to transfer this ability to synthetic materials aiming to replicate the resilience that
biological systems have against damage. For these reasons, self-healing materials
find their application in fields where a long product lifetime is desired. This guaran-
teed longevity is even more attractive in applications which are damage sensitive
but where maintenance or repair is difficult such as in aerospace, automotive, oil
and gas [2].

Self-healing is a thermodynamically expensive process which leads towards restora-
tion of organisation (negative entropy) [4]. Plants can stop the ineluctable descent
towards thermodynamic chaos thanks to the presence of embryonic stem cells in the
growth zones that enable to form new structures till death [3]. Synthetic materials
are not capable to gather and direct energy towards self-procreation and healing
but scientists have implemented many creative strategies to invert the thermody-
namic inevitable processes. Synthetic and natural self-healing approaches found to
date seem to share the common requirement of ‘local temporary mobility’ [5]: the
flow of mass (mobility) located at the damage site (local) only for a certain period
of time until the property restoration has been realised (temporary).

In polymers the requirement of local temporary mobility is attained exploiting two
distinct strategies. Extrinsic healing polymers are essentially conventional non-
self-healing polymer matrices compounded with microencapsulated systems con-
taining one or multiple healing agents. The strong stress singularity at the tip of
the crack propagating through the matrix causes the rupture of the microcapsules,
allowing the reflow of the healing agents into the damage zone [6, 7]. In the
first proof-of-concept, the microcapsules contained an unreacted monomer, while
a solid catalyst had to be dispersed in the polymer matrix to trigger the conversion of
the liquid monomer into a well-adhering gel subsequently turned into a crosslinked
polymer [8]. In later approaches both phases were microencapsulated together
in a single particle [9], or one of two healing agents were phase separated in the
matrix [10]. Different chemistries for the liquid healing agent have been used suc-
cessfully. The most well-established ones are epoxy-amine, endo-dicylopentadiene
and thiol/isocyanate [11–15].
The extrinsic self-healing approach based on a liquid healing agent has the ad-
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vantage of being a (potentially) autonomous self-healing system as the liquid will
flow out without any further human interaction and no other stimuli such as heat,
light, electrical field or pressure need to be applied. Nevertheless, all these extrinsic
self-healing systems have some common yet crucial limitations: complex manufac-
turing and processing [16–18], a limited shelf life, limited healing agent delivery
(in particular in case of large damages) and most importantly an intrinsic inabil-
ity to locally heal the damage more than once. The latter is due to the fact that in
the healing reaction the activated healing agent permanently loses its fluidic nature.

In intrinsic healing polymers the self-healing ability is endowed by the molecu-
lar design of the network without the need to add discrete external healing agents.
Upon the occurrence of a damage and after inducing (or retaining) partial or com-
plete physical contact between the separated fracture surfaces, the local polymer
diffusion and the recombination of the reversible bonds guarantees the reconstruc-
tion of the broken interface. Given the right temperature–time combinations long-
range macromolecular mobility is responsible for the complete disappearance of
the damage. The mechanism promises a virtual infinite number of healing cycles
including multiple healing events at the same location, provided no unwanted side
reactions and no “scar-tissue”, i.e. a region in which the material does not return to
its pristine state, is present at the end of the healing process. The recombination of
the reversible bonds can take place at ambient conditions if the molecular mobility
is high enough but often requires the application of different stimuli such as heat,
UV light, pH change [19–21]. These stimuli unlock the reversible group, decreasing
the polymer viscosity and satisfying the requirement of the local temporary mobil-
ity. Alternatively, external pressure can facilitate the desired mobility to allow for
interfacial contact of the two sides of a damage. The intrinsic healing concept got
broad attention at first in the field of soft hydrogels [22], but it has been success-
fully extended to thermoplastics [23], thermosets [19] and elastomers [24, 25]. In
general, the required strength of the stimulus increases with the mechanical rigidity
of the polymer at its operational temperature. The intrinsic self-healing polymers
are classified on the base of the dynamic chemistry used to design the reversible
moiety:

I) Reversible covalent chemistry relies on the recombination of strong cova-
lent bonds. Some of the reversible reactions exploited in the field include retro
Diels-Alder reactions [26–29], disulphides and polysulfides [30–34], alkoxyamines
[35], trithiocarbonate exchange reactions [36], cross-linked poly(dimethylsilozane)
[37] and diarylbenzofuranone [38]. The reversible covalent bonds, while being very
stable at room temperature, are labile at high temperature allowing local flow and
healing. The stability of reversible bonds accounts for the high mechanical proper-
ties of these polymers, but, as stated earlier, elevated temperatures are generally
required to start the healing process.

II) Supramolecular chemistry relies on the recombination of physical/secondary
interactions. Some studied interactions are ionic bonds [11, 39–43], metal-ligand
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coordination [44–49], π-π stacking [50, 51], hydrogen bonding, microphase sep-
aration [52, 53] and hydrophobic interactions [23, 54]. Among these, the use of
microphase separation and multiple Van der Waals interactions has appeared as a
clear direction to turn commodity-like systems into self-healing variants without the
introduction of severe chemical modifications [55]. The supramolecular bonds show
relatively fast association/dissociation kinetics. This feature has enabled the synthe-
sis of polymers showing complete healing at room temperature. On the other hand,
the physical interactions present low bond energy connections thus setting a rela-
tively weak transient network which leads to relatively low mechanical properties.
To address this latter issue different strategies have been employed. Guan et al.
[56] introduced sacrificial noncovalent bonds to increase the mechanical properties
of soft self-healing thermosets. Yanagisawa et al. [57] reported polymers read-
ily healable at room temperature and with high mechanical properties by including
dense and non-directional thiourea hydrogen bonding units in the main chain. Susa
et al. [51] designed a set of self-healing polyimides where the equilibrium between
main chain aromatics and side-chain hydrophobic interactions is responsible for
high mechanical properties combined with room temperature healing. These sys-
tems present very harsh chemical modifications, therefore new strategies involving
the modification of polymer architecture must be explored to conjugate easiness of
production, room temperature healing and high mechanical properties [5].

1.2. Dynamics of intrinsic healing: frommacroscopic
closure to molecular repair

The mending process in the intrinsic self-healing polymers is a hierarchical mech-
anisms involving different processes at different structural scales. Here a brief
overview of such physical/chemical phenomena and of the models developed to
capture them is presented.

1.2.1. Macroscopic closure
Physical contact between damaged surface is an essential requirement for self-
healing to be able to take place. Only after contact, the molecular mechanisms
that determine the interface reconstruction can follow.
At the macroscale the closure of the physical gap can occur following two distinct
mechanism: entropy-driven elastic closure and interfacial flow [58, 59].
Polymers, when deformed above a thermal transition and then rapidly cooled while
keeping the deformation, are able to retain their temporary shape. If the deforma-
tions result in conformational changes in the rubbery amorphous regions without
chain slippage, upon re-heating above the thermal transition, the original shape
will be recovered [60]. The driving force of the process is the recovery of stored
entropy, accumulated during polymer deformation. This phenomenon is known as
shape memory effect, a unique feature which manifests itself most prominently in
shape memory polymers [61, 62], but in principle can take place in any polymer
deformed above its glass transition temperature and well below its melting tem-
perature. Chain slippage during damage (deformation) can be prevented by mi-
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crophase segregation, main chain entanglements, chemical/physical crosslinking,
or by compatible polymer blending [63–68]. The concept has been implemented
in self-healing polymers [59, 69] to provide an autonomous mechanism by which a
damage can be partially or fully closed, leading to the contact among the damaged
planes. The entropy driven shape memory effect can be quantified by a single
dynamic mechanical analysis test determining the stored conformational entropy
through the analysis of the viscoelastic length of the transition [60]. In this pub-
lication a direct correlation between stored conformational entropy and network
junction density (i.e. more crosslinking in mildly crosslinked polymers show higher
entropy storage) was demonstrated. However, no direct relation has been shown
between the amount of stored entropy and the degree or the kinetics of scratch
closure.

1.2.2. Molecular treatment of self-healing
Macroscopic crack closure does not necessarily imply self-healing. For self-healing
to occur, the damaged surfaces have to be reconstructed at the molecular level.
Therefore it is crucial to get the fundamental knowledge of the molecular and collec-
tive processes that regulate the reversibility of such supramolecular reorganization
within the polymer network. Herein we focus on the models developed for intrinsic
healing polymer via non-covalent interactions.
Major conceptual steps could be formulated thanks to the theoretical model devel-
oped by Stukalin et al. [70] for un-entangled networks bearing reversible bonds
(stickers). The model consists of small chains with one end anchored in space
and the other one behaving as a sticky group, able to associate to form reversible
bonds. Depending on the bond strength ε the stickers are classified as “weak”
(when 𝜀 << 𝑘፛𝑇𝑙𝑛𝑁, with N being equivalent to the polymer chain length), “inter-
mediate” (𝑘፛𝑇𝑙𝑛 𝑁 < 𝜀 < 2𝑘፛𝑇𝑙𝑛𝑁) and strong (𝜀 > 2𝑘፛𝑇𝑙𝑛 𝑁). Using a scaling
theory the authors have determined an analytical relation between 𝜏፞፪ (the equi-
libration time of excess open stickers upon creation of a fresh interface) and 𝜀. If
the waiting time (𝜏፰) before the two fresh interfaces are put in contact meets the
boundary condition 𝜏፰ > 𝜏፞፪, no self-healing is possible, yet some adhesion regime
can be observed. The adhesion regime corresponds to a physical picture in which
the two surfaces that are put in contact are at or close to equilibrium, therefore
the majority of sticky groups has been reassociating with themselves on the same
plane [71]. On the other hand, in case 𝜏፰ < 𝜏፞፪ self-healing can take place. In this
regime healing occurs by hopping dynamics.
The difference between self-healing and self-adhesion proposed in the theory has
been validated experimentally by Hawker et al. [72], who demonstrated that heal-
ing is only possible within a short period of time after formation of the new fresh
fracture surfaces. This work also demonstrated the critical effect that humidity ex-
erts on the “de-activation” of open hydrogen bonds at the fractured surface. The
effect of the effective bond life time 𝜏፛ on healing kinetics has been investigated by
Bose et al. [73] , who designed a series of ionomers of equal molecular weight but
based on different coordination metals present at different concentrations levels,
covering a broad range of supramolecular bond lifetime 𝜏፛. The authors showed a



1

6 1. Introduction

relation between self-healing (probed via scratch closure measurements), polymer
mechanical properties and rheology (𝜏፛). A desirable combination of good healing
and strong mechanical properties is obtained for ionomers with 1 𝑠 < 𝜏፛ < 100 𝑠 (at
room temperature). Weak mechanical properties and viscous flow driven scratch
closure are observed for 𝜏፛ << 1 𝑠, while strong mechanical properties show a
weak tendency to heal at that temperature when 𝜏፛ >> 100 𝑠.
It is significantly harder to develop a theory for the healing of entangled polymers
since main chain entanglements further restrict dynamics. Leibler, Colby and Ru-
binstein proposed the sticky reptation model [74]. In this model, S sticker units
are attached on an entangled polymer network and the temperature dependence
of the viscoelastic properties of the system is derived. Figure 1.1 compares the
viscoelastic properties of a polymer chain in absence and in presence of the sticker
units in a classical time oscillation shear experiment.

Figure 1.1: Shear modulus time dependency for a linear polymer without supramolecular stickers (dash
line) and with a number S of supramolecular stickers, as calculated by Leibler, Colby and Rubinstein [74]

Four regimes are identified: for experimental times 𝑡 < 𝜏፞ (Rouse time of an en-
tangled strand) the shear modulus 𝐺(𝑡) is the same for both the systems. Then
two plateaus follows. 𝐺ኻ is attributed to the mobility restriction operated by the
stickers and is proportional to 𝑁፞ (number density of entanglements) and 𝑁፬ (the
crosslinks between the stickers). 𝐺ኼ corresponds to the rubbery plateau of a sys-
tem without stickers, therefore is only proportional to 𝑁፞. Ultimately at 𝑡 = 𝜏፝
terminal chain relaxation occurs. 𝜏፝ depends on the fraction of closed stickers 𝑝
and their lifetime 𝜏፛. The reptation times predicted by the sticky-reptation model
are in good agreement with the experimental reptation times obtained by Stadler
et al. [75, 76]. Such polymers with a higher number of sticky units are expected
to show delayed reptation which translates to a slower healing kinetics, since ran-
domisation of the reforming polymer network at the damage site will take more
time. Experimental confirmation was shown by Susa et al. [23]. In that work the
authors increased the number of Van der Waals stickers by tuning the stoichiome-



1.3. Challenges and prospects

1

7

try of a diamine branched monomer and showed progressive delay in the complete
recovery of tensile mechanical properties for polymers harnessing higher number
of supramolecular stickers.

As argued in Section 1.1. in order to obtain polymers that combine mild tem-
peratures for healing and high mechanical properties at room temperature, there
is a tendency to design networks combining multiple reversible blocks of a dif-
ferent chemical nature (e.g. π - π stacking is combined with hydrogen bonding)
[51, 56, 57]. However, at present, there is a lack of both experimental and the-
oretical tools to separate the contributions of the different reversible ligands both
to the polymer dynamics and to the healing process. A first attempt was made by
Grande et al. for poly(urea-urethane) networks containing both hydrogen bonds
and disulphide linkages [77]. Combining fracture mechanics and rheology, the au-
thors were able to separate the contribution of the two reversible ligands to the
early stage and long term recovery of the healing polymer fracture properties.

1.3. Challenges and prospects
In the past twenty years research in the field of intrinsic self-healing polymers
has mainly focused on novel reversible chemistries to exploit the intrinsic healing
property and achieving room temperature healing. Demonstrations of attractive
combinations of performance were provided for polymers produced on a lab-scale.
However, several questions must be addressed before self-healing polymers can
be routinely used on industrial scale. The remaining issues can be divided in two
macro groups: scientific issues and application issues.

From a scientific point of view the efforts need to focus on the synthesis
of healing systems that require minimal chemical modification with respect to the
existing non-self-healing variants, as this has the highest chance of industrial ap-
plicability and market introduction. Moreover, specific studies need to point at the
physical understanding of the polymer structure to self-healing property relation,
which appears as the only way to instruct chemists on the optimisation of systems
which exploit a number of complex physical-chemical events.
Application-wise, the focus needs to be on applications that can immediately

benefit from the use of systems with extended life-time and that do would benefit
of minor or no operator maintenance (e.g. ocean-based wind turbines). Moreover,
it is fundamental to define industrial international standards to test self-healing
ability for the recovery of specific functional properties (e.g. tensile mechanical,
fatigue resistance, barrier, aesthetical appearance). While mechanical healing re-
mains a principle asset for many applications, other cases of recovery of the original
functionality (such as anti-corrosion in protective organic coatings on metallic sub-
strates) can be of equal importance and need to be determined as well.

1.4. Thesis scope and outline
This thesis aims at the constitution of design rules for the development of self-
healing polyurethanes focusing on the understanding of the polymer structure to
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self-healing property relation. Moreover, the work focuses on the physical under-
standing of the dynamic processes of self-healing polymers and their influence both
on the early stage and on long term functional property restoration.

Chapter 2 reports the synthesis and characterisation of a series of novel self-
healing polyurethanes bearing aliphatic side chains. The length of the aliphatic
branch affects the polymer dynamics and the healing behaviour. Moreover, the
attention is focused on the branch length and time dependent healing reactions as
well as any aging/crystallisation behaviour.

Chapter 3 presents a new and general deconvolution protocol of the mechani-
cal relaxation spectrum of polymers derived from rheology. Using the deconvoluted
spectra we discuss how individual molecular features contribute to polymer dynam-
ics and how the energy spent for the various relaxations affects the long term
healing behaviour of selected polyamides and polyetherimides.

Chapter 4 focuses on the investigation of early-stage healing of novel self-
healing thermoplastic polyurethanes. The polymers are characterised by single
edge-notch tensile tests for short healing times at mild temperatures. Using the
deconvolution protocol of Chapter 3 we isolate the contribution of hydrogen bonds
to the polymer dynamics and investigate the relation between the relaxation energy
and the fracture properties of the polymer at early stages of healing.

Chapter 5 addresses quantitatively the relation between elastic scratch closure
and stored entropy density measured at the viscoelastic length of transition. To this
aim the scratch closure behaviour of a series of thermoplastic polyurethane coat-
ings with controlled architecture is tested by carefully controlling both the damaging
and the healing temperature. The stored entropy density near the damage site is
calculated using dynamical mechanical analysis tests.

Chapter 6 follows on chapter 5 and presents a series of self-healing thermo-
plastic polyurethane coatings applied on carbon steel to investigate the effect of soft
phase fraction on the gap closure and sealing behaviour and their impact on the
restoration of the barrier functionality necessary to protect coated metals against
corrosion at damaged locations. The barrier functionality is tested through accel-
erated electrochemistry and the healing is assessed based on the recovery of the
capacitive behaviour after scratch healing.
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Abstract
In this work we propose the use of regular branching of polyurethanes as a
way to regulate chain dynamics and govern crystallization in highly dense
hydrogen bonded systems. As a result, robust and healable polyurethanes
can be obtained. To this end we synthesized a range of aliphatic propane
diol derivatives with alkyl branches ranging from butyl (C = 4) to octadecanyl
(C = 18). The series of brush polyurethanes was synthesized by polyaddition
of the diols and hexamethylene diisocyanate. Polyurethanes with very short
(C < 4) and very long (C = 18) brush lengths did not lead to any significant
healing due to crystallization. An intermediate amorphous regime appears
for polymers with middle branch lengths (C = 4 to C = 8) showing a fine control
of material toughness. For these systems the side chain length regulates tube
dilation and significant macroscopic healing of cut samples was observed
and studied in detail using melt rheology and tensile testing. Despite the
high healing degrees observed immediately after repair it was found that
samples with medium to long length brushes lost their interfacial strength at
the healed site after being exposed to the healing temperature for some time
after the optimal time to reach full healing. Dedicated testing suggests that
annealed samples, while keeping initial tackiness, are not able to completely
heal the cut surface. Such a behavior can be attributed to annealing-induced
interfacial crystallization promoted by the aliphatic branches in the polymer
bulk. Interestingly, no such loss of healing due to annealing was observed
for samples synthesized with C = 4 and C = 7 diols, which is identified as the
optimal healing regime. These results point at the positive effect of branching
on healing, provided a critical chain length is not surpassed, as well as the
need to study healing behavior long after the optimal healing times.
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2.1. Introduction
Intrinsic healable polymers, similarly to biological systems, are able to sustain mul-
tiple healing events caused by physical damages even at the same location. For
this reason these systems are an attractive alternative to the damage prevention
approach as a solution to obtain structures with extended lifetime while addressing
the critical concerns related to raw material overconsumption and high maintenance
costs [1–3].
The macromolecular design of intrinsic healable polymers relies on the presence of
both permanent and dynamic bonds. The permanent bonds control the mechanical
properties while the dynamic bonds enable the reconstruction of crack interfaces
brought in intimate contact and recovery of mechanical integrity. Crosslinking by
dynamic covalent bonds [4–8] or the use of hybrid dual networks [9] have been
reported as efficient ways to produce healable polymers with engineering-relevant
mechanical properties. However heating to relatively high temperatures (> 70 ∘C)
is required to trigger local mobility [10–12]. On the other hand many systems
showing near room temperature healing have been created by embedding non-
covalent dynamic blocks (e.g. hydrogen bonds [13, 14], host-guest interactions
[15, 16], multiple Van der Waals interactions [17, 18]) in low molecular weight
polymers. However, these healable polymers and hydrogels are relatively soft with
undesirably low toughness and ultimate tensile strength values, strongly limiting
their applicability range in engineering applications. One strategy to increase me-
chanical properties is the increase of the main chain molecular weight leading to
entanglements that determine high material robustness. Yet, at near room temper-
ature, chain interdiffusion that leads to randomization at crack site is too sluggish to
occur on a reasonable timescale and a poor healing efficiency is obtained [19]. Al-
ternatively when a polymer is designed with a high density of non-covalent dynamic
units very brittle and oriented materials are obtained [20]. While this approach has
been shown to be successful for the production of new generation liquid crystals
[21] and micro-segregated materials [22], these systems do not show any healing
ability since annealing-induced crystallization and clustering hinder chain interdiffu-
sion at mild temperature. Sufficiently fast and sufficiently complete self-healing of
cracks and scratches at temperatures close to room temperature and high mechan-
ical properties seem mutually exclusive and new strategies involving modification
of polymer architectures must be explored [23].
To address this issue different strategies were employed. Guan et al. [24] intro-
duced sacrificial noncovalent bonds to increase the mechanical properties of self-
healing thermosets. Yanigisawa et al. [25] reported polymers readily healable at
room temperature and with high mechanical properties by including dense and non-
directional thiourea hydrogen bonding units in the main chain. Soon thereafter we
reported the synthesis of strong and room-temperature healing polyimides based
on primary and secondary non-covalent interactions and the fundamental role of
short (C=8) fully aliphatic branches in regulating chain dynamics [26]. Inspired by
this finding, in the present study we investigate the role of the branch length on
the relaxation dynamics and crystallization kinetics of polyurethanes with a high
density of hydrogen bonding. To this end we synthesized a range of branched
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polyurethanes with variable dangling aliphatic chain lengths from C=4 to C=18 on
a short repeating unit, leading to high density of urethane units and branches. The
series of brush polyurethanes was synthesized by polyaddition of branched diols
with varying branch length and hexamethylene diisocyanate. A detailed calorime-
try, XRD and rheology study clarified the effect of brush length on the aggregation
state and relaxation dynamics, showing that physical properties can be finely ad-
justed by extending or reducing the lateral branches by few carbon units. Tensile
testing was used to assess mechanical behavior and intrinsic self-healing proper-
ties. The control of polymer architecture by regular branching in highly hydrogen
bonded systems results in a combination of decent mechanical properties (typical
for polymers with a high spatial density of hydrogen bonds) and fast self-healing
kinetics at near-room temperature. This is attributed to the plasticization effect
of side branching and its hindering of H-bond induced crystallization. Moreover,
we argue how critical annealing-induced crystallization upon long term exposure to
ambient or near-𝑇፠ temperatures can be fatal for the healing of this polymer class
when branch lengths are higher than C=7, an issue that has been un-addressed in
previous studies on comparable systems [25].

2.2. Experimental Section
2.2.1. Materials
1-Bromobutane (99%), 1-bromoctane (99%), 1-bromononane (98%), 1-bromododecane
(97%), 1-bromooctadecane (>97%), lithium aluminium hydride (LiAlH3, pellets,
95%), sodium hydride (NaH, dispersion in mineral oil, 60%), diethyl malonate
(99%), dibutyltin dilaurate (DBTL, 95%), dimethylformamide (DMF, anhydrous,
99.8%) were purchased from Sigma-Aldrich. Ethyl acetate (99%, technical), methanol
(≥99.5%, technical) and chloroform (≥98%, technical), deuterated chloroform (D-
Chloroform, 0.03% TMS) and deuterated dimethylsulfoxide (D-DMSO) were pur-
chased from VWR Chemicals. Hexamethylene diisocyanate (HDI, ≥98%), 1,4-
butanediol (BDO, ≥99%) were purchased from TCI Europe. Hydrochloric acid
(37%) was purchased from Honeywell. Magnesium sulfate (dried, contains ca 1-2
mol water of hydration, ≥98%) was purchased from Alfa Aesar. All commercial
chemicals were used as received. All reactions were carried out under nitrogen
atmosphere. The synthesis of the diols and polymers showed high reproducibility.

2.2.2. Synthesis of branched diol monomers
Following the two-step synthesis process shown below for the case of the 2,2-
dibutylpropane-1,3-diol (C4DA) six branched short-length diols with different dan-
gling chain lengths were synthesized: 2,2-dibutylpropane-1,3-diol (C4DA), 2,2-
diheptylpropane-1,3-diol (C7DA), 2,2-dioctylpropane-1,3-diol (C8DA),
2,2-dinonylpropane-1,3-diol (C9DA), 2,2-didodecylpropane-1,3-diol (C12DA), 2,2-
dioctadecylpropane-1,3-diol (C18DA). As a non-branched reference commercial 1,4-
butanediol (BDO) was used (HDI_BDO). The molecular structure of the synthesized
diols is represented in Figure 2.1 while Table 2.1 shows their melting points and
the nomenclature used along the text. 1H-NMR and 13C-NMR spectra of all the
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synthesized diols are available in Figure S1. Details about synthesis of all diols are
available in the Supplementary Information.

Figure 2.1: Molecular structure of the synthesized branched diols.

Step 1: Diethyl 2,2-dibutylmalonate (C4DE)
1-Bromobutane (59.7 g, 0.44 mol) was added to an ice-cooled and vigorously stirred
suspension of sodium hydride (17.8 g, 0.45 mol) in anhydrous THF (400 ml). Sub-
sequently, diethyl malonate (23.5 g, 0.15 mol) was added dropwise. The flask was
heated to 80 ∘C and the reaction mixture was refluxed overnight. The solution was
then quenched using demineralized water and 10% hydrochloric acid. The salt was
then dissolved in excess of aqueous hydrochloric acid and the reaction mixture was
extracted using diethyl ether and water. The resulting organic phase was washed
three times in 150 mL demineralized water while the aqueous fraction was extracted
twice in 100 mL of diethyl ether. The remaining organic layers were combined and
dried over magnesium sulphate. The product was further dried at 60∘C under vac-
uum overnight. The resulting crude diethyl 2,2-dibutylmalonate (C4DE) appeared
as a yellowish oil (52.5 g, 0.19 mol, 66%) and was used without further purification.

Step 2: 2,2-Dibutylpropane-1,3-diol (C4DA)
52.5 g (0.19 mol) of the crude C4DE was added to a stirred and ice-cooled sus-
pension of lithium aluminum hydride (12.4 g, 0.33 mol) in anhydrous THF (400
mL). The system was subsequently heated to 80 ∘C and left under vigorous stirring
overnight. The resulting suspension was cooled using an acetone / liquid nitrogen
bath and quenched with water. The salts were then dissolved in aqueous hydrochlo-
ric acid and the reaction mixture was extracted with diethyl ether and water. The
organic phase was washed three times in 150 mL of demineralized water and the
aqueous fraction was extracted twice using 100 mL of diethyl ether. The resulting
organic layers were dried over magnesium sulphate and the solvents were evap-
orated in vacuo. The product was purified by column chromatography (silica gel
450 g, hexane and ethyl acetate). Pure C4DA was obtained as a white solid (24.3
g, 88%). The synthesis completion was checked with 1H-NMR (CDClኽ, 400 MHz)
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Table 2.1: Diols synthesized in this work. The table includes the specific dangling chain length and
melting point as measured by DSC.

Dangling Melting
Diol chains length point

(# of carbons) (∘C)
BDO 0 n. a.
C4DA 4 43
C7DA 7 38
C8DA 8 29
C9DA 9 36
C12DA 12 44
C18DA 18 73

by the presence of the most relevant peaks: 1H-NMR (CDClኽ, 400 MHz) 𝛿: 3.56
(s, 4H); 2.32 (s, 2H): 1.23 (m, 12H); 0.90 (t, 6H).13C-NMR (CDClኽ, 400 MHz) 𝛿:
69.50; 40.88; 30.50; 25.06; 23.60; 14.06.

2.2.3. Syntheses of the brush polyurethanes
Seven brush polyurethanes (Figure 2.1) were synthesized using a single-step poly-
merization process by reacting hexamethylene diisocynate (HDI) with the seven di-
ols C4DA, C7DA, C8DA, C9DA, C12DA, C18DA, BDO discussed in Section 2.2. The
list and overall polymer properties of the resulting brush polymers is shown in Ta-
ble 2.2.
As a mode of example, the synthesis of polymer HDI_C4DA is shown while details
of the other synthesis are given in the SI. A solution of HDI (5.382 g, 32 mmol)
in anhydrous THF (9 mL, 1/3 vol.) was added to a solution of C4DA (6.019 g, 32
mmol) in anhydrous THF (18 mL, 2/3 vol.) under vigorous stirring. Subsequently
DBTL (2.02 g, 3.2 mmol) was injected in the system dropwise. The temperature
was increased to 70 ∘C and the reaction proceeded for 24 hours. The solution was
precipitated in methanol (200 mL) resulting in the separation of a viscous white
solid. The solution was filtered, and the extracted precipitate was dissolved in
20 mL of chloroform and re-precipitated in methanol. The resulting viscous poly-
mer was dried overnight at 60 ∘C in vacuo (7.38 g, 65%). The completion of the
polyurethane synthesis was monitored by FT-IR analysis through the characteristic
carbonyl stretching absorption peak at about 1170 cmዅኻ and the disappearance of
isocyanate absorption peak at about 2270 cmዅኻ. 1H-NMR confirmed the successful
polyurethane synthesis through the presence of a singlet at about 5 ppm associated
to amide bond protons.
1H-NMR (CDClኽ, 400 MHz) 𝛿: 4.9 (s, 2H); 3.85 (s, 4H): 3.10 (s, 4H); 1.46 (s, 8H),
1.22 (m, 12H), 0.86 (t, 6H).
13C-NMR (CDClኽ, 400 MHz) 𝛿: 156.69; 66.58; 40.76; 39.58; 30.89; 29.81; 29.21;
26.26; 24.75; 23.42; 14.04.
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The FTIR and 1H-NMR spectra of all the synthesized polymers can be found in Fig-
ure S2.

Figure 2.2: Synthesis route followed for the preparation of the brush polyurethanes.

2.2.4. Characterisation Methods
Infrared Spectroscopy
Attenuated total reflectance Fourier transform infrared spectroscopy was employed
in order to follow reaction completion. Each infrared spectrum was recorded as an
average of 8 scans in the wavenumber range 4000 – 500 cmዅኻ.

Proton and carbon nuclear magnetic resonance
1H-NMR and 13C-NMR spectra were recorded using a Bruker WM-400 at 25 ∘C using
CDCl3 and DMSO-d6 as solvents.

Gel permeation chromatography
Molecular weight distributions of synthesized polymers were determined by gel per-
meation chromatography (GPC) equipped with refractive index detector and using
polystyrene standards. The solvent used was tetrahydrofuran (THF) with a polymer
concentration of 1 mg/mL.

Thermal Analysis
Thermal properties were determined by thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC). TGA analyses were performed from room tem-
perature to 400 ∘C, under nitrogen atmosphere at 10 ∘C/min heating rate using a
Perkin Elmer TGA 4000. DSC measurements were performed under nitrogen at 10
and 20 ∘C/min heating and cooling rates in the temperature range -50 ∘C to 180
∘C using a Perkin Elmer Pyris Sapphire DSC. The glass transition temperature (𝑇፠)
was determined using the inflection point method.

Mechanical properties by tensile testing
Mechanical properties were assessed using an INSTRON Universal Testing machine.
Dog-bone specimens were tested according to the ASTM D1708 standard, at a
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cross-head speed of 80 mm/min. The average thickness of the specimens was
t=1.3±0.1 mm. The recovery of the mechanical properties after damage (healing)
was determined by healing razor-blade cut dog-bone specimens. After cutting the
dog-bone specimens into two parts at room temperature with a razor blade these
were immediately brought back in contact under gentle hand-pressure for 10 sec-
onds until they were able to withstand their own weights. Subsequently they were
left to heal pressure-less at their individually selected healing temperatures in a
circulating air furnace. The healing temperature was selected based on the rheo-
logical study and was established at 36 ∘C in order to maximize network mobility
for all the systems in accordance to preliminary temperature sweep analyses.
Healing was stopped when there was complete visual disappearance of the macro-
scopic damage (scar) this being observed after four days (for HDI_C4DA) and 3
hours (for HDI_C7DA and HDI_C8DA) of healing treatment. After healing, the
samples were allowed to equilibrate at room temperature (near 20 ∘C) for 30 min-
utes prior to tensile testing. The pristine undamaged samples were tested after
high temperature shape moulding (at T = 110 ∘C) followed by 30 minutes equi-
libration at room temperature. At least three samples were tested for each one
of the polymers studied (HDI_C4DA, HDI_C7DA, HDI_C8DA) in their pristine and
healed states.

Melt rheology

Oscillatory shear experiments were carried out on a strain-controlled Physica MCR
102 (Anton Paar GmbH) rheometer using a parallel plate geometry. The diameter of
the plate was 8 mm and the sample thickness was set to 1 ± 0.2 mm. Temperature
sweep analyses were carried out in the temperature range – 20 ∘C to 100 ∘C using
a heating rate of 2.8 ∘C/min. Isothermal frequency sweeps were performed in
the range between 0.1 ≤ f ≤ 10 Hz. Both temperature sweeps and isothermal
frequency sweeps were performed within the linear viscoelastic regime of the tested
polymers. Frequency mastercurves were shifted to the reference temperature 𝑇ኺ =
20 ∘C. The shift factor 𝑎ፓ for the construction of the master curves follows with good
approximation the William-Landel-Ferry (WLF) law [27] for HDI_C4DA, HDI_C7DA,
HDI_C8DA, indicating rather simple thermo-rheological behaviour. For HDI_BDO,
HDI_C9DA, HDI_C12DA, HDI_C18DA the shift factor severely deviated from WLF
law, therefore no frequency mastercurve could be constructed.

X-Ray diffraction analysis

X-ray diffraction (XRD) spectra were recorded using a Rigaku MiniFlex 600 diffrac-
tometer depositing the materials on aluminum holders. The angle spans between
2θ = 1∘to 60∘with 0.1∘increments, at room temperature. The samples were rotated
during the measurement in an evacuated vacuum chamber.
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2.3. Results and discussion
2.3.1. Effect of brush length on polyurethane microstructure

and dynamics
The completion of the polyurethane reaction is confirmed by FTIR and NMR (Figure
2.3 and Figure S2). The incorporation of two well-defined aliphatic brushes is con-
firmed by integrating the strong multiplet peak located at 𝛿 = 1.25 ppm in the
1H-NMR spectrum. The molecular weight distribution of the polymers is reported
in Table 2.2. The average number (𝑀፧) molecular weight values are in the range
of 20 kDa, suggesting that these linear systems behave as non-entangled or lightly
entangled linear polymers [27]. The molecular weight distribution for HDI_BDO
and HDI_C18DA could not be determined since these polymers were insoluble in
THF or NMP. 𝑀፧ and 𝑀፰ were found to increase with the brush length. Never-
theless, the result is most likely an artefact of GPC analysis which is based on size
exclusion. In this case it is more appropriate to use as internal standard the number
average degree of polymerization 𝑋፧=𝑀፧/𝑀ኺ, where 𝑀ኺ is the molecular weight
of the repeating unit [28, 29]. Following this criteria it appears that the degree of
polymerization is just marginally affected by the brush length. Although the pres-
ence of side reactions leading to cyclisation and reduction of polydispersity cannot
be fully excluded, we attribute the narrow polydispersity (Đ < 2) to the suspension
of low-molecular weight oligomers in the precipitation solvent (methanol). This was
confirmed by analyzing with GPC the solid residue left after centrifugation of the
methanol suspensions.

Figure 2.4 relates the optically detectable aggregation state of the synthesized
polyurethanes (before and after processing at 110 ∘C for 1 hour) to their DSC ther-
mograms (second heating scan) as function of increasing brush length. All glass-
and melt transition temperatures are reported in Table 2.2. Two distinct behav-
iors can be observed. While the two extremes (no brushes or very long brushes)
show one clear crystalline peak, all other polymers appear as amorphous thermo-
plastics. A total absence of brushes (HDI_BDO) yields a very fine white powder
with a high degree of crystallinity explained by the presence of a high density of
hydrogen bonding in the main polyurethane chain. The DSC thermogram shows a
high temperature melting peak (at 165 ∘C) preceded by an endotherm shoulder.
As reported elsewhere for linear polyurethanes derived from 𝛼,𝜔-diols [30], the
two melting transitions can be attributed to the melting of folded chains and the
melting of the extended main chain crystals given by directional hydrogen bonds
among urethane linkages respectively. On the other extreme of the figure (high-
est branch length), sample HDI_C18DA appears as a fine powder that could be
thermally processed into a brittle film. Similarly to HDI_BDO, the DSC shows the
appearance of a melting peak, yet at lower temperatures (45 ∘C). This peak can be
attributed to aliphatic side chain (brushes) crystallisation as reported for aliphatic
polymer chains [31, 32] and in alkyl side chains in comb-like polymers [33, 34].
Such strong interactions between the long 18-carbon aliphatic branches seems to
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Table 2.2: Physical properties of the synthesized polymers. Effect of aliphatic dangling chain
length on molecular weight distribution, glass transition and melting temperature measured by DSC and
thermal stability measured by TGA.

Polymer Brush 𝑀፧ 𝑀፰ Đ 𝑋፧ DSC-𝑇፠ DSC-𝑇፦ TGA
length kDa kDa (-) (-) 10 - 20 10 2%w.l.

(# ∘C minዅኻ ∘C minዅኻ (∘C)
of C) (∘C) (∘C)

HDI_BDO 0 n.a.* n.a.* n.a.* n.a.* 40 - 43 165 281

HDI_C4DA 4 14.6 20.0 1.3 41 29 - 31 n.a.$$ 243

HDI_C7DA 7 21.6 29.0 1.3 49 23 - 26 n.a.$$ 280

HDI_C8DA 8 24.5 30.1 1.2 52 24 - 27 n.a.$$ 300

HDI_C9DA 9 15.6 21.3 1.3 32 19 - 27 n.a.$$ 298

HDI_C12DA 12 20.5 34.0 1.6 35 30-n.a.ዄዄ 46 312

HDI_C18DA 18 n.a.* n.a.* n.a.* n.a.* n.a.ዄዄ 45 305

*HDI_BDO and HDI_C18DA were not soluble in the available GPC solvents.
$$HDI_C4DA, HDI_C7DA, HDI_C9DA, HDI_C9DA did not present melting peaks.
ዄዄHDI_C12DA and HDI_C18DA glass transitions overlapped to melting transitions.
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Figure 2.3: IR spectra of diisocyanate monomer (HDI) and brush polyurethane (HDI_C7DA).
The figure highlights the monomer conversion through the disappearance of the characteristic isocyanate
band at 2270 cmᎽᎳ, and the appearance of amide and carbonyl bands at 3300 cmᎽᎳ and 1700 cmᎽᎳ

respectively.

prevent the formation of short range H-bonding between the urethane linkages as
well as microphase segregation otherwise typical in segmented polyurethanes [35].
The presence of well-defined crystalline phases in HDI_BDO and HDI_C18DA is fur-
ther supported by XRD spectra (Figure S3). The other four compositions leading
to amorphous polymers (C=4, C=7, C=8, C=9) show a slight decrease of the glass
transition temperature with the chain length increase (from about 30 ∘C for C=4
to 24±1 ∘C for C=7 and C=9). In agreement with previous studies on comb poly-



2

26
2. Controlling healing and toughness in polyurethanes by

branch-mediated tube dilation

mers with variable branch length, such a decrease in 𝑇፠ can be attributed to a local
plasticization effect until long branches promote local crystallization (detectable al-
ready for HDI_C12DA) [36, 37]. Interestingly, these findings are in opposition to
those reported by Gerstl et al. [38] who showed the absence of internal plasticiza-
tion for a series of Poly(alkylene Oxide)s (PAOs) with different side chain lengths.
Considering the similarities in terms of side chain length between our PUs and the
reported PAOs, the differences in side chain induced plasticization behavior can be
attributed to profound differences in main backbone chemical structure (e.g. ab-
sence of urethane groups and presence of ether groups in the case of PAOs), and
a higher branch spacing and branches per branch point in the case of our PUs.
HDI_C12DA shows re-crystallization at cooling rate of 10 ∘C/min with a melt en-
dotherm at about 45 ∘C. By increasing the cooling rate to 20 ∘C/min re-crystallization
is partially avoided and a glass transition onset is observed just before a small en-
dotherm peak at about 55 ∘C in the second heating step. We argue that, when
slow cooling is applied (10 ∘C /min), the flexibility of the fully aliphatic main back-
bone combined to the plasticization effect due to the long brushes allows macro-
molecular reorganization towards the most favorable thermodynamic microstruc-
ture: a semicrystalline phase of stacked aliphatic side chains. Relevantly, the mea-
sured 𝑇፦ of HDI_C12DA (46 ∘C) coincides with the melt temperature observed for
HDI_C18DA (45 ∘C) as an additional confirmation that in this system crystallisation
is due to side chain stacking. Table 2.2 shows the onset degradation tempera-
ture at 2% weight loss. All the polymers show a high temperature stability and a
degradation onset between 200 and 300 ∘C, in agreement with previous reports
on linear polyurethanes obtained by polymerisation of linear diols and linear di-
isocyanates [30, 39]. Thermal stability increases with the brush length. This trend
is attributed to the higher thermal screening that long and dense side chains of-
fer to thermally sensitive urethane linkages [40]. In this sense the higher thermal
stability of HDI_BDO when compared to HDI_C4DA seems to be an exception. We
argue that the improved thermal stability of HDI_BDO is due to the very high de-
gree of hydrogen bonding and main chain crystallinity, favored by absence of lateral
brushes. Minimal weight loss (< 0.5 wt%) is observed at temperature lower than
200 ∘C for all the polymers, indicating that no solvents (DMF, methanol) or unre-
acted monomers are entrapped at the end of the polymerisation procedure.
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Figure 2.4: Effect of brush length on the aggregation state andmelt/glass transition temper-
ature as analyzed using DSC (second heating scan was used). In order to obtain homogenous
films the polymers were processed at 110 ∘C. The camera snaps captured the polymer before and after
processing. In absence and for very long brush lengths (BDO and C18DA) semicrystalline and brittle
polymers were synthesized and no homogeneous films could be obtained. Intermediate brush lengths
(C4DA, C7DA, C8DA, C9DA) led to amorphous and ductile polymers that could be processed as homo-
geneous films for mechanical testing. Long brushes (C12DA) also led to a semicrystalline polymer that
could be processed into an homogeneous but brittle film.
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Exemplary stress-strain curves of the amorphous and semi-crystalline brush PUs
are reported in Figure 2.5. HDI_BDO and HDI_C18DA could not be processed
and tested due to their high crystallinity and brittleness. Young’s modulus (𝐸),
yield stress (𝜎፲), ultimate tensile strength (𝜎ፔፓፒ) and strain at break (𝜀፛፫፞ፚ፤) values
are reported in Table S1. When comparing HDI_C4DA, HDI_C7DA, HDI_C8DA and
HDI_C9DA, it can be seen that longer brush lengths lead to a decreasing 𝐸 and an in-
creasing 𝜀፛፫፞ፚ፤, in analogy to what has been reported for segmented polyurethanes
with decreasing hard segment content [41]. The abrupt increase of 𝜀፛፫፞ፚ፤ and re-
duction of 𝜎ፔፓፒ observed in HDI_C9DA is highly reproducible. HDI_C12DA does not
follow the same trend and shows the highest 𝐸 and 𝜎፲ among the analysed poly-
mers. We attribute this exceptional mechanical behavior to its crystallinity formed
during cooling as previously discussed.

Figure 2.5: Stress-strain curves at 80 mm/min and 21 ∘C of HDI_C4DA, HDI_C7DA and
HDI_C8DA. The tests were performed after high temperature shape moulding (at T = 110 ∘C) fol-
lowed by 30 minutes equilibration at room temperature. The plot shows the effect of brush length on
general tensile mechanical performances of amorphous brush polyurethanes. The inset highlights the
difference in ፄ and ᎟ᑪ between HDI_C7DA and HDI_C8DA.

To better understand the role of regular branching on the dynamics of the polyurethanes
their macromolecular dynamics was probed in the melt over a broad range of tem-
peratures and frequencies using the well-known time-temperature superposition
(TTS) principle. Although the applicability of the TTS principle is generally limited
to fluids showing a thermorheologically simple behavior, its applicability and va-
lidity to polymers with a complex architecture and intermolecular interactions as
self-healing polymers has recently been discussed in depth and applied to various
polymeric systems [42–44].
The linear viscoelastic mastercurve of HDI_C8DA is shown in Figure 2.6A. Frequency
isotherms are shifted to the reference temperature 𝑇ኺ = 20 ∘C. The data are pre-
sented as elastic modulus (G’) and viscous modulus (G”) as function of the angular
frequency (𝜔). Moreover viscoelastic data are reported in the form of the tangent of
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the phase angle (tan 𝛿 = G”⁄G’) which has been reported as being potentially more
sensitive in distinguishing features of the relaxation modes associated to aliphatic
branches [45–47]. By following the trend of tan 𝛿 it can be easily inferred that
the spectrum resembles the one of lightly entangled polymers where the partial
restriction of mobility at 𝜔፜፫ < 𝜔 < 𝜔ᎏ is attributed to the existence of varying
physical interactions. Frequency mastercurves of HDI_C4DA and HDI_C7DA were
constructed shifting the data at 𝑇ኺ = 20 ∘C showing analogous features (Figure S4).
For HDI_C4DA, HDI_C7DA and HDI_C8DA polymers the trend of shift factor is well
fitted by William-Landel-Ferry (WLF) law. Frequency mastercurves of HDI_BDO,
HDI_C9DA, HDI_C12DA and HDI_C18DA are not presented since the shift factor
trend severely diverged from WLF fit. This can be indication of multiple dynamic
phenomena occurring in the same frequency range, as it will be discussed in detail
further on.
The analysis of the values of the molecular weight between entanglements 𝑀፞ =
(𝜌𝑅𝑇ኺ)/𝐺ፍ (as calculated for rubber elasticity where ρ is polymer density (assumed
1 kg/L for all the systems), R is the universal gas constant, 𝑇ኺ is the shifting tem-
perature and 𝐺ፍ is the plateau modulus as obtained from the van Gurp-Palmen plot
[48, 49]) clarifies the origin of the physical interactions causing the partial restric-
tion of dynamics at 𝜔፜፫ < 𝜔 < 𝜔ᎏ. For HDI_C4DA, HDI_C7DA and HDI_C8DA 𝑀፞ ≅
10.000 g/mol (Figure 2.6B). For all these polymers the length of the brushes is lower
than 𝑀፞ (brush length ≈ 150 g/mol), therefore the brushes cannot entangle and
cannot justify the high mobility restriction at intermediate frequency (in the region
𝜔፜፫ < 𝜔 < 𝜔ᎏ), in a similar fashion to what has been observed elsewhere for comb-
polymers with short branches [44,45]. Moreover, the rather low molecular weight
of these systems (𝑀፧ ≅ 20 ÷ 34 kDa, Table 2.2) cannot lead to mobility restrictions
at intermediate frequencies due to main chain entanglements as discussed by Doi
and Edwards who showed that plateau modulus due to main chain entanglements
sets for 𝑀፰ > 4 ∙ 𝑀፞ and becomes pronounced for 𝑀፰ > 8 ∙ 𝑀፞ [26] (represented
as a dashed blue line in Figure 2.6B). Considering the absence of brush and main
chain entanglements we attribute the temporary restriction of dynamics in the re-
gion 𝜔፜፫ < 𝜔 < 𝜔ᎏ to the presence of a physical network consisting of hydrogen
bond among urethane linkages, in line with the design of densely branched systems
bearing effective supramolecular stickers. An additional prove of the presence of
effective supramolecular interactions comes from the measure of G’ and G’’ slopes
in the terminal relaxation region (for HDI_C8DA in Figure 2.6A, slope G’ = 1.5, slope
G’’ = 0.8), which severely deviate from slopes of ideal Rousian dynamics (2 and 1)
as previously reported in comparable branched healing polymers [26].
In Figure 2.6B we compare the frequency shift associated to the temporary mo-
bility restriction (𝜔 = 𝜔፜፫) of HDI_C4DA, HDI_C7DA and HDI_C8DA following the
approach proposed by Kapnistos [45] for comb-like polymers bearing short aliphatic
branches. 𝜔፜፫ shift to higher frequencies for higher brush length. Since 𝜔፜፫ deter-
mines the access to terminal relaxation, we can conclude that the higher the brush
length the easier for the main chain to access terminal relaxation. The most likely
explanation is that the aliphatic brushes act as solvent for the main chain (tube
dilation), speeding up the main chain relaxation. The dilution effect is magnified
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for higher brush length, as observed elsewhere for comb- polymers [45, 46]. More-
over, Figure 2.6B (triangle markers) shows that 𝑀፞ appears unaffected by the brush
length. This confirms the presence of a physical network between urethane link-
ages. The physical crosslinking distance is unchanged by increasing brush length
since it is controlled by the length of the repeating unit (thereby the distance among
urethane linkages).
In Figure 2.6B we highlight two regions in which time-temperature superposition
was not applicable because the shift factor dependence on temperature severely
deviated from the WLF law. For HDI_BDO (not containing any side chains) we
argue that the dynamics are governed by main chain crystallisation driven by hy-
drogen bond among urethane units. For branch lengths higher than 8 (HDI_C9DA,
HDI_C12DA, HDI_C18DA) the inapplicability of TTS is attributed to the existence of
a concurrent dynamic process due to side chain interactions and stacking.
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Figure 2.6: Melt rheolgoy of branched PU. (A) Frequency sweep mastercurve shifted at ፓᎲ = 20
∘C of HDI_C8DA. (B) Effect of brush length on the critical angular frequency (Ꭶᑔᑣ) corresponding to
the minimum of tan᎑ in the apparent plateau region (star markers). Effect of brush length on the
molecular weight between entanglements (ፌᑖ) calculated by rubber elasticity theory (triangle markers).
As effect of enhanced tube dilution Ꭶᑔᑣ shifts to higher frequency increasing brush length while ፌᑖ
is unchanged since the distance among urethane linkages is unvaried for all the polymers analysed.
For brush length higher than 8, time-temperature superposition (TTS) principle was not applicable.
In absence of brushes (HDI_BDO) TTS was not applicable. In both cases the dependence of the shift
factor on temperature severely deviated from WLF law. Dashed lines points out the theoretical molecular
weight between contiguous urethane units (dash purple line) and the theoretical main chain molecular
weight corresponding to the occurrence of main chain entanglements (dash blue line).
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Three idealized polymer architecture sketches are shown in Figure 2.7: a non-
brushed highly crystalline PU (HDI_BDO), an amorphous brushed PU with effective
hydrogen bonding among urethane blocks (HDI_C8DA), a densely brushed highly
crystalline PU with stacked side aliphatic chains.

Figure 2.7: Idealized sketches of macromolecular architecture of various brush polyurethane
with different brush length. In the figure we highlight the formation of well-defined crystalline phases
in absence of aliphatic brushes and for very long brushes (C=18). For medium brush length (C=8) a
glassy phase is formed with presence of a physical network among urethane linkages.

Melt rheology confirmed the presence of hydrogen bonding interactions among ure-
thane units and the dilution effect operated by aliphatic side chain in amorphous
brush polyurethanes. Consequently, we investigated the intrinsic self-healing prop-
erty by tensile testing for all the systems for which a frequency mastercurve was
correctly constructed.
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Figure 2.8 shows the healing results of HDI_C4DA, HDI_C7DA and HDI_C8DA.
The healing was performed at 36 ∘C, corresponding to 𝑇፡፞ፚ፥።፧፠ = 𝑇max tan᎑ + 5 ∘C
of HDI_C4DA, in order to maximize network mobility for all the systems investi-
gated. Figure 2.8B effectively shows the complete recovery of the strength of the
cracked interface at the end of the healing treatment for HDI_C4DA. From Figure
2.8A it is evident that both 𝐸 and 𝜎፲ are fully recovered for all optimally healed sys-
tems. Final fracture took place elsewhere in the sample than at the healed original
fracture plane.
By connecting macrorheology to tensile testing, the healing mechanism is identi-
fied as a three stage process in a similar fashion to what Susa et al. observed for
a set of self-healing polyimides [18]. The first stage is governed by short range
interactions such as interfacial multiple reforming hydrogen bonding interactions
among urethane units at the fractured plane. The dynamics of the reversible bond
is consistent with the intermediate range of bond lifetime previously reported for
functional (and self-healing) supramolecular polymers [44, 50] (reversible bond life-
time 10 s < 𝜏፛፨፧፝ < 100 s) as shown in Section 2.3.1. The second and third stage of
healing (“interdiffusion” and “randomization”) are then governed by sticky-Rouse
reptation occurring at low frequency, at the ultimate crossover between storage
and loss moduli (see Figure 2.6).
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Figure 2.8: Healing results of branched polyurethanes. (A) Stress-strain curves of various healing
brush polyurethanes tested at 80 mm/min and 21 ∘C. Pristine samples are reported as continuous lines,
healed samples are reported as dash lines. HDI_C4DA was healed for 100 hours at 36 ∘C. HDI_C8DA
and HDI_C7DA were healed for 3 hours at 36 ∘C. The plot shows recovery of Young’s modulus and
yield stress. (B) Photo capture of HDI_C4DA after healing for 100 hours days at 36 ∘C. The black circle
highlights the position of the original fracture plane.

The effect of the brush length on the healing kinetics is readily observed by com-
paring the mechanical characteristic of HDI_C4DA to HDI_C7DA and HDI_C8DA
in Figure 2.8A and are summarized in Table 2.3 where healing efficiency (H.E.) is
quantified as H.E.= ᎒ᑓᑣᑖᑒᑜ ᑙᑖᑒᑝᑖᑕ

᎒ᑓᑣᑖᑒᑜ ᑡᑣᑚᑤᑥᑚᑟᑖ
∗ 100. At equal healing temperature (𝑇፡፞ፚ፥።፧፠ = 36

∘C) HDI_C8DA and HDI_C7DA show comparable healing efficiency to HDI_C4DA
(from 60 to 70 % recovery of pristine strain at break), yet in much shorter time (3
hours versus 100 hours). All samples showed fracture far from the original fracture
plane. The result is in line with observations drawn in the macro-rheology study that
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Table 2.3: Macroscopic intrinsic self-healing data of amorphous brush polyurethane sys-
tems. Healing process was stopped when healed interface was not visible.

Polymer Healing time at H.E.* Broke in a different spot
𝑇፡፞ፚ፥።፧፠ = 36 ∘C (%) compared to

(hours) original fracture plane
HDI_C4DA 100 64 Yes
HDI_C7DA 3 69 Yes
HDI_C8DA 3 61 Yes

*Healing efficiency was quantified as H.E.= ᎒ᑓᑣᑖᑒᑜ ᑙᑖᑒᑝᑖᑕ
᎒ᑓᑣᑖᑒᑜ ᑡᑣᑚᑤᑥᑚᑟᑖ

∗ 100

pointed at an acceleration of the dynamics of the main chain (𝜔፜፫ shifts towards
higher frequencies) with increasing brush length, justifying rapid randomization at
crack site.
The amorphous brush polyurethanes showed high mechanical properties and rapid
healing at near room temperature. However the novel polymer architecture en-
dowed of short yet dense aliphatic branches may highly influence the kinetics of
crystallization with consequences on the intrinsic healing of these brushed polyurethanes.
We investigated these effects and discuss the outcomes in the next section.

2.3.2. Impact of induced crystallization on the healing behav-
ior

(Annealing-induced) crystallization is a potential threat for intrinsic healing polymers
not commonly studied. Clustering and crystallisation hinder chain interdiffusion and
cause interfacial embrittlement preventing randomization at crack site thereby af-
fecting the healing process. The issue becomes particularly crucial for systems
with a high density of non-covalent interactions since they are more prone to form
ordered phases. It has been reported that polyurethanes undergo morphology re-
organisation and phase transition when subjected to long term annealing [51–53].
Nevertheless, no report has shown this potential threat to the healing process in
self-healing polymers and polyurethanes in particular. In order to explore the pos-
sible impact of annealing-induced crystallization in our healable branched polymers
we performed a detailed annealing-crystallization analysis with a special focus on
the polymers that appear amorphous when cooling from the melt state.
Figure 2.9 shows the effect of long term annealing at 𝑇፠ on the mechanical prop-
erties of HDI_C7DA and HDI_C8DA. The analysis of traces a-d shows that, upon
annealing for 170 hours at 𝑇፠ (= 27 ∘C), no substantial differences in the pristine
mechanical properties and in healing efficiency are observed for HDI_C7DA. We ar-
gue that, in the observed timescale, annealing does not lead to any microstructural
evolution for HDI_C7DA.
On the other hand, the evolution of the mechanical properties of HDI_C8DA reflects
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its dynamic character at 𝑇፠. Traces e and f show the pristine and healed mechanical
properties of fresh (moulded and equilibrated) samples. From these we infer that
optimal healing is obtained when healing fresh HDI_C8DA at T = 36 ∘C for 3 hours.
Trace h shows that, in contrast to what was observed for HDI_C7DA, the pristine
mechanical property of HDI_C8DA are highly affected by annealing procedure at
𝑇፠ (170 hours at 21 ∘C). Toughness and strength increased while strain at break
was reduced indicating annealing induced crystallisation. DSC analysis performed
on a sample having received this 170 hours annealing procedure confirmed the
transition from a purely amorphous network (𝑇፠ = 21 ∘C before annealing) to a
semicrystalline network (𝑇፦ = 49 ∘C). The newly found melting temperature nicely
matches the melting temperature probed for HDI_C18DA (𝑇፦ = 45 ∘C). Therefore
we attributed the induced crystallinity to the stacking of the aliphatic brushes.
The semicrystalline HDI_C8DA was healed at T = 36 ∘C (well below the newly found
𝑇፦) to study the potential effect of crystallinity on intrinsic healing. The mechanical
results upon healing are reported as trace j in Figure 2.9, while Figure 2.10 shows
snapshots of the crack evolution at different healing times and corresponding DSC
traces. The resulting mechanical healing efficiency dropped drastically (H.E. ≅ 30
%) when compared to that of a fresh specimen, but interestingly the broken sam-
ple still showed tackiness and 2D interface recovery, even at a healing temperature
that was well below the bulk melting temperature. This behavior can be attributed
to local plasticization at the newly created free surface, which allows local network
mobility well-below bulk melting temperature [54, 55]. On the other hand, the
complete suppression of long range dynamics (due to bulk crystallisation) explains
the persistence of the original damage scar and the low healing efficiency even
when an extended healing time of 120 hours was used.
Trace k addresses the effect of induced crystallisation if the sample is annealed
further once optimal healing of a fresh sample is completed. To this purpose a
fresh sample was cut, healed for 3 hours at T = 36 ∘C and then annealed at 𝑇፠
for 170 hours and tensile tested. The mechanical properties resemble the one of
the semicrystalline sample (trace h) and good healing efficiency in terms of strain
recovery (H.E. = 70 %). In this case both short and long range dynamics were
accessed prior to bulk crystallisation justifying the high degree of healing in terms
of strain. On the other hand, differently from fresh and healed samples (traces e
and f), trace k samples broke at the original damage site and showed a significant
reduction of yield stress compared to pristine sample. These effects are attributed
to the loss of interfacial strength at healed site induced by crystallisation.
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Figure 2.9: Effect of induced crystallisation on mechanical and healing properties. (a-d)
HDI_C7DA mechanical tensile properties. No differences were observed in healing efficiency and me-
chanical properties upon long term (170 h) annealing at ፓᑘ. (e-k) HDI_C8DA mechanical tensile prop-
erties. Good healing efficiency was observed when healing fresh samples at T = 36 ∘C (traces e, f). No
recovery was observed when healing fresh samples at ፓᑘ (trace g), as effect of induced crystallisation.
Increase of strength and drastic reduction of healing efficiency were observed upon long term (170
h) annealing at ፓᑘ and subsequent healing at T = 36 ∘C, as effect of induced crystallisation (traces h,
j). Increase of strength and good healing efficiency were observed when subjecting fresh and healed
samples to long term (170 h) annealing at ፓᑘ (trace k).
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Figure 2.10: Healing of a semicrystalline polymer grade. The photo captures show the progressive
scar disappearance in semicrystalline HDI_C8DA when subjected to healing at T = ፓᑞ – 10 ∘C = 36 ∘C.
The mechanical tensile property of the healed specimen corresponds to trace j of Figure 2.9. Time-
resolved DSC analysis shows the persistence of crystalline phase throughout the healing process.
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Since many healing systems report healing at close 𝑇፠ one question was still open:
what would happen if a fresh sample HDI_C8DA was healed for a long time at 𝑇፠?
The results of this healing test are reported as trace g in Figure 2.9. While showing
tackiness (typical of initial network mobility), at the end of the healing procedure
(170 hours at 𝑇፠) the healed sample suffered of embrittlement and immediately
failed at the original damage site when tensile tested. This demonstrates that no
healing is possible in such dynamic system where phase transition (from purely
amorphous to semicrystalline) occurs at 𝑇፠.
Healing “reactivation” for semicrystalline HDI_C8DA was qualitatively proved by
subjecting an annealed sample (170 hours at 𝑇፠) to healing temperature above
melting (T = 𝑇፦ + 10 ∘C = 60 ∘C). The results are reported in Figure 2.11A.
The snapshots show that original damage was completely restored in very short
timescale (healing time = 10 minutes). DSC analysis shows that amorphous state
was restored upon exposure to 60 ∘C, indicating the reactivation of long range dy-
namics. An HDI_C18DA sample was healed in a similar fashion above melting (T
= 𝑇፦ + 10 ∘C = 55 ∘C). Even in this case rapid scar disappearance was observed
(Figure 2.11B), but DSC analysis at the end of the healing procedure confirm that in
this case bulk crystallinity is restored immediately after equilibration at room tem-
perature.
The study evidenced the critical effect of annealing induced crystallisation on heal-
ing of HDI_C8DA as well as the apparent absence of crystallinity for HDI_C7DA in
the observed timescale. Therefore we performed a dedicated study on the effect
of brush length on the kinetics of crystallisation. To this purpose, DSC analyses
were performed every 24 hours while keeping the polyurethanes at their individual
annealing temperatures 𝑇ፚ፧፧ = 𝑇max tan᎑ + 5 ∘C chosen as such in order to maxi-
mize network mobility. Initially HDI_C4DA, HDI_C7DA, HDI_C8DA, HDI_C9DA did
not show the presence of any melting peak. With increasing residence time at
𝑇ፚ፧፧ some systems progressively underwent phase transition and crystallisation,
as evidenced by clear melting peaks in the DSC thermograms. Table 2.4 reports
the used annealing temperature (𝑇ፚ፧፧), the time corresponding to the end of the
crystallisation process (𝑡፜፫፲፬), and the melting temperature of the crystalline phase
(𝑇፦). Analysing 𝑡፜፫፲፬ we note that the decrease of brush length from 12 to 4 car-
bons corresponds to a progressive delay of crystallisation kinetics. Crystallisation
seems to be absent for the short brush length (HDI_C7DA and HDI_C4DA) since
no melt peak was observed on a short timescale (170 hours) nor on a very long
annealing timescales (1500 hours). Interestingly, all brush polyurethanes showing
crystallisation upon annealing (HDI_C8DA, HDI_C9DA, HDI_C12DA) report melting
temperatures in a common range, from 45 to 50 ∘C. These temperatures match well
with the melting temperature of HDI_C18DA which was attributed to side chain
stacking. Therefore we argue that crystallisation with annealing in fully aliphatic
brush polyurethanes occurs by side chain stacking until a limiting side chain length
(C = 8) below which brushes are too short to stack and nucleate crystals while they
accelerate healing kinetics. This results highlight the crucial role of polymer archi-
tecture in the design of efficient and thermally stable healing systems with high
density of reversible bonds.
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Figure 2.11: Healing ”reactivation” of a semicrystalline polymer grade. (A) Photo captures
showing fast scar disappearance and optimal healing for semi-crystalline HDI_C8DA upon healing at T
= ፓᑞ + 10 ∘C = 60 ∘C. DSC trace shows the absence of any crystalline phase upon healing. (B) Photo
captures showing fast scar disappearance and optimal healing for semi-crystalline HDI_C18DA when
healed at T = ፓᑞ + 10 ∘C = 56 ∘C. DSC trace shows the reformation of a crystalline phase upon healing.
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Table 2.4: Crystallisation time of brush polyurethanes. Note that kinetics slowed down when
reducing the length of the brush. The crystallisation kinetics was eventually suppressed for HDI_C4DA
and HDI_C7DA.

Polymer Annealing Time for Melting
temperature complete temperature

(∘C) crystallisation [𝑇፦]
[𝑡፜፫፲፬] (∘C)
(hours)

HDI_BDO n.a.* n.a.* 165
HDI_C4DA 36 n.a.ዄዄ n.a.ዄዄ

HDI_C7DA 27 n.a.ዄዄ n.a.ዄዄ

HDI_C8DA 21 170 49
HDI_C9DA 21 72 45
HDI_C12DA 21 24 46
HDI_C18DA n.a.* n.a.* 45

*HDI_BDO and HDI_C18DA are semicrystalline when cooling from the melt state.
ዄዄNo crystallisation was observed for HDI_C4DA and HDI_C7DA when annealing
for 1500 hours.

2.4. Conclusions
Regular branching is investigated in polyurethanes with high density of reversible
bonds as the design strategy to exploit near room temperature intrinsic healing
property in robust linear polymers. To this end we synthesized a series of brush
polyurethanes by facile polymerisation of diols bearing branches with controlled
length from C=4 to C=18 and a commercial di-isocyanate (HDI).
The length of the side aliphatic brush exerts a crucial role in regulating chain dy-
namics. By using melt rheology we verified effective hydrogen bonding interaction
among urethane blocks results in a physical network. In the intermediate branch
length regime the brushes, in analogy to comb- polymers with short side chains,
act as a solvent, dilating the tube therefore speeding up main chain interdiffusion
mediating macroscopic self-healing kinetics. At a critical brush length (C=9), and
for all the higher brush lengths, the macromolecular glassy dynamics is totally sup-
pressed by the occurrence of a crystalline phase of stacked side chains.
A detailed calorimetry study clarified the effect of brush length on annealing induced
crystallisation. To this end, the polymer systems were subjected to long term an-
nealing at the corresponding glass transition/healing temperature. A higher brush
length speeds up the crystallisation kinetics. No crystallisation was observed for the
brush polymers synthesized with a side chain length in the range between C=4 and
C=7. The result highlights that this range of brush length is the most promising
in order to obtain intrinsic healable polymers with a high extent of reversible bond
interactions and hence mechanical robustness, yet avoiding side chain crystalliza-
tion which would block the healing process. Interestingly, the polymers showing
interfacial healing were the ones that met the WLF law leading to nicely overlapping
segments in the final frequency master curve.
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Relevantly we observed that, for crystallised samples, a local reactivation of mobil-
ity is still accessible at mild temperatures, below 𝑇፦፞፥፭።፧፠. This local mobility allows
partial recovery of mechanical damage in reasonable timescale. Ultimately, total
(bulk) reactivation of dynamics is observed upon healing for a very short time at
temperatures above the melting temperature.
In conclusion we demonstrated that polymer architecture control involving regular
branching and high density of reversible physical bonds can be an effective strategy
to obtain near room temperature healable polymers with good mechanical proper-
ties, provided the side brush length is in the correct range. The approach leaves
room for further optimization of both mechanical and healing properties through
the control of the number of branching point per macromolecule and the use of
multi-dentate reversible bond groups (e.g. urea groups).

2.5. Supporting Information
Synthesis of malonate molecules
Diethyl 2,2-diheptylmalonate (C7DE) The synthesis was perfromed using the same
procedure described in Section 2.1. of the main manuscript. The following mate-
rials and quantities were used: 400 mL of anhydrous THF, 23.20 g (0.15 mol) of
diethyl malonate, 79.80 g (0.45 mol) of 1-bromoheptane and 18.20 g of sodium
hydride (0.46 mol, 60 wt% in mineral oil). The crude product (72.40 g) was used
without further purification.
Diethyl 2,2-dioctylmalonate (C8DE) The synthesis was perfromed using the same
procedure described in Section 2.1. of the main manuscript. The following ma-
terials and quantities were used: 400 mL of anhydrous THF, 16.04 g (0.10 mol)
of diethyl malonate, 57.93 g (0.30 mol) of 1-bromooctane and 12.0 g of sodium
hydride (0.30 mol, 60 wt% in mineral oil. The crude product (53.42 g) was used
without further purification.
Diethyl 2,2-dinonylmalonate (C9DE) The synthesis was perfromed using the same
procedure described in Section 2.1. of the main manuscript. The following ma-
terials and quantities were used: 400 mL of anhydrous THF, 16.88 g (0.11 mol)
of diethyl malonate, 61.79 g (0.30 mol) of 1-bromononane and 12.0 g of sodium
hydride (0.30 mol, 60 wt% in mineral oil). The crude product (45.04 g) was used
without further purification.
Diethyl 2,2-didodecylmalonate (C12DE) The synthesis was perfromed using the
same procedure described in Section 2.1. of the main manuscript. The follow-
ing materials and quantities were used: 400 mL of anhydrous THF, 12.87 g (0.08
mol) of diethyl malonate, 62.28 g (0.25 mol) of 1-bromododecane and 9.86 g of
sodium hydride (0.25 mol, 60 wt% in mineral oil). The crude product (50.4 g) was
used without further purification.
Diethyl 2,2-dioctadecylmalonate (C18DE) The synthesis was perfromed using the
same procedure described in Section 2.1. of the main manuscript. The following
materials and quantities were used: 400 mL of anhydrous THF, 9.62 g (0.06 mol)
of diethyl malonate, 62.46 g (0.19 mol) of 1-bromononane and 7.42 g of sodium
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hydride (0.19 mol, 60 wt% in mineral oil). The crude product (45.04 g) was used
without further purification.

Syntheses of diol monomers
2,2-Dioctylpropane-1,3-diol (C7DA) The synthesis was performed following the same
procedure described in Section 2.2. of the main manuscript. The following materi-
als and quantities were used: 400 mL of anhydrous THF, 49.50 g of crude C8DE and
16.30 g (0.26 mol) lithium aluminium hydride. Preliminary purification was carried
out by column chromatography using 450 g of silica and pure hexane. The product
final product was eluted by increasing the polarity of the eluent by mxing hexane
and ethyl acetate (hexane:ethyl acetate, 7:3(v/v)). Yield = 74%.
ኻH-NMR (CDClኽ, 400 MHz) δ: 3.50 (s, 4H); 3.20-3.13 (m, 2H); 1.31-1.15 (m, 24H),
0.89-0.82 (t, 6H).13C-NMR (CDClኽ, 400 MHz) δ: 69.06; 40.89; 31.87; 30.67; 30.53;
29.25; 22.80; 14.05.
2,2-Dioctylpropane-1,3-diol (C8DA) The synthesis was performed following the same
procedure described in Section 2.2. of the main manuscript. The following materi-
als and quantities were used: 400 mL of anhydrous THF, 53.13 g of crude C8DE and
9.93 g (0.26 mol) lithium aluminium hydride. Preliminary purification was carried
out by column chromatography using 450 g of silica and pure hexane. The product
final product was eluted by increasing the polarity of the eluent by mxing hexane
and ethyl acetate (hexane:ethyl acetate, 7:3(v/v)). Yield = 84%.
ኻH-NMR (CDClኽ, 400 MHz) δ: 3.55 (s, 4H); 2.28 (s, 2H); 1.25 (m, 28H), 0.86
(t, 6H).13C-NMR (CDClኽ, 400 MHz) δ: 69.41; 40.95; 31.86; 30.74; 30.65; 29.53;
22.82; 14.07.
2,2-Dinonylpropane-1,3-diol (C9DA) The synthesis was performed following the
same procedure described in Section 2.2. of the main manuscript. The following
materials and quantities were used: 400 mL of anhydrous THF, 39.10 g of crude
C9DE and 11.96 g (0.32 mol) lithium aluminium hydride. Preliminary purification
was carried out by column chromatography using 450 g of silica and pure hexane.
The product final product was eluted by increasing the polarity of the eluent by
mxing hexane and ethyl acetate (hexane:ethyl acetate, 9:1(v/v)). Yield = 75%.
ኻH-NMR (CDClኽ, 400 MHz) δ: 3.55 (s, 4H); 2.25 (s, 2H); 1.25 (m, 32H), 0.87
(t, 6H).13C-NMR (CDClኽ, 400 MHz) δ: 69.48; 40.98; 31.87; 29.60; 29.30; 22.83;
14.07.
2,2-Didodecylpropane-1,3-diol (C12DA) The synthesis was performed following the
same procedure described in Section 2.2. of the main manuscript. The following
materials and quantities were used: 400 mL of anhydrous THF, 43.67 g of crude
C12DE and 11.84 g (0.32 mol) lithium aluminium hydride. Preliminary purification
was carried out by column chromatography using 450 g of silica and pure hexane.
The product final product was eluted by increasing the polarity of the eluent by
mxing hexane and ethyl acetate (hexane:ethyl acetate, 9:1(v/v)). Yield = 77%.
ኻH-NMR (CDClኽ, 400 MHz) δ: 3.53 (s, 4H); 2.70 (s, 2H); 1.24 (m, 44H), 0.86
(t, 6H).13C-NMR (CDClኽ, 400 MHz) δ: 69.33; 40.93; 31.90; 29.68; 29.67; 22.82;
14.08.
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2,2-Dioctadecylpropane-1,3-diol (C18DA) The synthesis was performed following
the same procedure described in Section 2.2. of the main manuscript. The follow-
ing materials and quantities were used: 400 mL of anhydrous THF, 47.77 g of crude
C18DE and 11.62 g (0.31 mol) lithium aluminium hydride. Preliminary purification
was carried out by column chromatography using 450 g of silica and pure hexane.
The product final product was eluted by increasing the polarity of the eluent by
mxing hexane and ethyl acetate (hexane:ethyl acetate, 9:1(v/v)). Yield = 91%.
ኻH-NMR (CDClኽ, 400 MHz) δ: 3.56 (s, 4H); 2.08 (s, 2H); 1.24 (m, 68H), 0.87 (t, 6H).

Syntheses of brush polyurethanes
HDI_C7DA The compound was synthesized following the procedure described in
Section 2.3. The following materials and quantities were used in the synthe-
sis: C7DA (6.0 g, 22.0 mmol) hexamethylene diisocyanate (3.70 g, 22.0 mmol),
dibutyltin dilaurate (0.10 mL) and N,N-Dimethylformamide (36 mL). The compound
appears as a transparent glassy polymer (yield = 9.7 g, 62%).
ኻH-NMR (CDClኽ, 400 MHz) δ: 4.83 (s, 2H); 3.86 (m, 4H); 3.11 (m, 4H); 1.47 (m,
8H); 1.23 (m, 24H); 0.86 (t, 6H).
HDI_C8DA The compound was synthesized following the procedure described in
Section 2.3. The following materials and quantities were used in the synthesis:
C8DA (12.0 g, 40 mmol) hexamethylene diisocyanate (6.72 g, 40 mmol), dibutyltin
dilaurate (0.15 mL) and N,N-Dimethylformamide (67 mL). The compound appears
as a transparent glassy polymer (yield = 12.47 g, 65%).
ኻH-NMR (CDClኽ, 400 MHz) δ: 5.99-4.80 (s, 2H); 3.92-3.81 (m, 4H); 3.16-3.03 (m,
4H); 1.52-1.40 (m, 4H); 1.34-1.14 (m, 32H); 0.89-0.81 (t, 6H).
HDI_C12DA The compound was synthesized following the procedure described in
Section 2.3. The following materials and quantities were used in the synthesis:
C12DA (3.71 g, 9.02 mmol) hexamethylene diisocyanate (1.51 g, 9.02 mmol),
dibutyltin dilaurate (0.15 mL) and N,N-Dimethylformamide (10.5 mL). The com-
pound appears as a transparent glassy polymer (yield = 3.32 g, 63%).
ኻH-NMR (CDClኽ, 400 MHz) δ: 4.78 (s, 2H); 3.85 (m, 4H); 3.10 (m, 4H); 1.46 (m,
4H); 1.23 (m, 32H); 0.85 (t, 6H).
HDI_C18DA The compound was synthesized following the procedure described
in Section 2.3. The following materials and quantities were used in the synthe-
sis: C18DA (3.0 g, 5.17 mmol) hexamethylene diisocyanate (0.87 g, 5.17 mmol),
dibutyltin dilaurate (0.12 mL) and N,N-Dimethylformamide (10.0 mL). The com-
pound appears as a fine white powder (yield = 3.23 g, 83%).
ኻH-NMR (CDClኽ, 400 MHz) δ: 4.76 (s, 2H); 3.86 (m, 4H); 3.12 (m, 4H); 1.72 (m,
4H); 1.24 (t, 72H); 0.86 (t, 6H).
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Figure S1. 1H-NMR and 12C-NMR spectra of synthesized diols
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Figure S2. 1H-NMR and 12C-NMR spectra of synthesized brush polyurethanes
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Figure S3. XRD spectra of HDI_BDO and HDI_C18DA.
HDI_BDO and HDI_C18DA are semicrystalline polymers when cooling from the melt.
XRD spectra support the formation of high crystalline phase.
A. XRD Spectrum of HDI_BDO
B. XRD Spectrum of HDI_C18DA
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Figure S4. Frequency master-curves of HDI_C4DA (A) and HDI_C7DA (B) shifted
at 𝑇ኺ = 20 ∘C.
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Figure S5. Frequency mastercurve of low molecular weight HDI_C8DA.
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Figure S6. Temperature sweep analyses of amorphous and semicrystalline brush
polyurethanes.
(A) Temperature sweep analyses of HDI_C4DA, HDI_C7DA, HDI_C8DA, HDI_C9DA.
(B) Effect of brush length on maximum damping temperature (𝑇max tan᎑) and termi-
nal relaxation temperature (𝑇፭፞፫፦።፧ፚ፥). Note that increasing dangling chain length
determines a shift to lower temperature of 𝑇max tan᎑ and 𝑇፭፞፫፦።፧ፚ፥. (C) Effect of
brush length on maximum absolute value of damping (tan 𝛿max). Note that increas-
ing brush length determines a decrease of mechanical damping. (D) Temperature
sweep analyses of HDI_C8DA, HDI_C9DA, HDI_12DA. Note that for HDI_C9DA and
HDI_C12DA no clear restriction of dynamics was observed. For these polymers the
change of slope in tan δ was attributed to a competitive crystallisation behaviour
from side chain stacking.
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Figure S7. XRD spectra of HDI_C8DA at different annealing times.
The figure shows the evolution of the x-ray diffraction patterns with long-term an-
nealing. After 7 days at 21 ∘C, HDI_C8DA shows some degree of long range order.
A XRD sprectrum immediately after high temperature processing.
B XRD spectrum recorded after annealing for 7 days at 21 ∘C.
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Table S1. Young’s modulus (𝐸), yield stress (𝜎፲), ultimate tensile strength (𝜎ፔፓፒ)
and strain at break (𝜀፛፫፞ፚ፤) of selected brush polyurethanes.

Polymer 𝐸 𝜎፲ 𝜎ፔፓፒ 𝜀፛፫፞ፚ፤
(MPa) (MPa) (MPa) (MPa)

HDI_C4DA 150 5.3 3.9 260
HDI_C7DA 60 1.5 10.5 660
HDI_C8DA 34 1.3 10.2 764
HDI_C9DA 4 0.2 0.6 862
HDI_C12DA 68 4.7 3.9 200
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There are no nations! There is only humanity.
And if we don’t come to understand that right soon, there will be no nations,

because there will be no humanity.

Isaac Asimov
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3. A deconvolution protocol of the mechanical relaxation
spectrum to identify and quantify individual
polymer feature contributions to self-healing

Abstract
Starting from experimental macro-rheological data we develop a fitting pro-
tocol that succeed in the separation of the overlapping relaxation phenom-
ena in the dissipative regime for a set of intrinsic healing polymers, which
heal most effectively near their glass transition temperature 𝑇፠. To allow
for a proper deconvolution the rheological master curves are converted to a
relaxation spectrum (𝐻(𝜏)) and this is fitted using an optimized mechanical
model, e.g. the Maxwell-Weichert model. The deconvolution of overlapping
segmental mobility and reversible interactions is successfully demonstrated
for a set polyimide and polyamide polymers containing none, one and two
reversible dynamic features near-𝑇፠. Through the fitting parameters, the re-
laxation timescale of each feature and their apparent process enthalpies is
obtained. The quantitative data obtained from the fitting protocol are then
compared to macroscopic healing results. As a result, a clear correspondence
between the energy stored by the system to accomplish reversible (e.g. H-
bonds, π-π) and chain interdiffusion relaxation transitions and the healing
efficiency of such polymers is obtained. The implementation of this protocol
allows for a clearer identification of the relevant mechanisms in self-healing
polymers and paves the way for the development of more efficiently healable
polymeric systems.
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3.1. Introduction
Intrinsic self-healing polymers can undergo multiple healing events, even at the
same location, as the macromolecular design of these systems yields non-permanently
consumed reversible chemical or physical bonds leading to the de-construction of
crack interfaces brought in intimate contact [1].
Supramolecular chemistry has been particularly beneficial for the development of
intrinsic self-healing polymers, particularly at near room temperature [2, 3]. Initial
tack and short range interactions followed by time-dependent long range chain in-
terdiffusion and bond reformation, allows partial or full but in any case repeatable
restoration of the original material properties [4], albeit mechanical [5], barrier [6],
aesthetics or electrical [7]. Many methods developed to identify the underlying
physical molecular processes in polymer rheology in general and in self healing in
particular have been described in literature [8–12]. Of the available methods, the
analysis of frequency domain master curves used to probe polymer dynamics [9,10]
should be regarded as a necessary first-order approximation to identify the poly-
mer healing and kinetics [11].The experimental tool that probes polymer dynamics
over wide range of frequencies is the well-known time-temperature superposition
(TTS) [13, 14]. Originally TTS has been developed for thermo-rheologically sim-
ple fluids but is being used increasingly to analyse the behaviour of more complex
and branched polymers [15, 16]. Although self-healing polymers do not behave as
simple fluids, the use of the TTS in self-healing polymers has revealed, amongst
others, the existence of a clear correlation between terminal relaxation and the
degree of substantial macroscopic healing [12]. Nevertheless, when multiple relax-
ations occur in a restricted timescale range (i.e. overlapping phenomena), it is hard
to precisely delineate the dissipation dynamics of the system with the approaches
now in use. As a result it is hard to identify the existence of concurrent and over-
lapping phenomena. This problem becomes relevant when analysing the frequency
dependent viscoelastic domain of more advanced self-healing supramolecular poly-
mers. In these systems the dynamic nature of the network stickers often results in
the dynamics of the transient network relaxation to overlap with dynamic phenom-
ena occurring in the main chain (i.e. segmental mobility).
In the literature many reports demonstrate optimal intrinsic healing at temperatures
close to 𝑇፠ (glass transition) where the enhanced conformational mobility allows
dynamic bond exchange and possibly macromolecular flow [6, 17–19] without a
substantial loss of mechanical properties. For such systems the relaxation dynam-
ics related to the presence of supramolecular stickers often overlaps with the main
chain segmental mobility, resulting in misleading correlations between kinetics of
macroscopic healing and the differences in the timescale of the relaxation processes
as well as disagreements with the physics theories developed to theoretically explain
intrinsic self-healing in polymers [18, 20, 21]. In that case the macro-rheology does
not show a clear separation between the two above-mentioned relaxation mecha-
nisms or, in other terms, it is not possible to clearly distinguish a double plateau
of the elastic component of the shear modulus G’(ω) in the analysed spectrum of
frequency [22].
The effective overlap between molecular complexation/de-complexation of reversible
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network and main chain segmental mobility is generally analysed by comparing
macro-rheological data to molecular rheology predictions such as proposed by Leibler,
Rubinstein and Colby [23]. For systems showing overlap between main chain seg-
mental mobility and reversible chain association, the analysis of particular features
of the master curve, such as the slope of G’ and G” in the plateau region and the
phenomenon of terminal relaxation, are used to prove compliance to the sticky
reptation model and so to prove the existence of reversible bonds [18, 20, 24, 25].
More recently, new theories based on slip-link and double reptation models aim
to elucidate the reason for the absence of the classical double ‘Leibler’ plateau in
entangled systems bearing sticky units [26, 27].
Despite the elegance of the molecular rheology theories, the problem of defining
the individual timescales of the overlapping relaxation phenomena related to stick-
ers and segmental mobility remains unsolved and is addressed in this paper.
In a recent publication Ankiewicz et al. [28] proposed the use of a continuous relax-
ation spectrum 𝐻(𝜏) to identify overlapping phenomena in complex polymers. For a
series of model H-polymers, the relaxation spectrum 𝐻(𝜏) revealed relaxation peaks
and timescales that could not be directly inferred from the frequency master curves.
Following this work, Yesilyurt and co-workers [29], applied an analogue mechanical
model (the Maxwell-Weichert model) to determine the correct dissipation dynamics
of five reversibly crosslinked hydrogels. The networks were formed from mixtures
of two different phenylboronic acid derivatives with two unique diol complexation
rates. In their work, the authors showed how the application of the mechanical
model to the relaxation spectra 𝐻(𝜏) allowed deconvolution of the relevant pro-
cesses and separation of the contributions of the two complexation processes. In-
spired by these two works we introduce here a high resolution fitting protocol that
enables the deconvolution of the overlapping dissipation dynamics attributed to
main chain segmental mobility and reversible junction disengagement of reversible
bonds through the use of mechanical analogous model fits, issuing a fundamental
problem of near-𝑇፠ self-healing polymers where classical representation/analysis of
linear viscous data does not provide the distinction of multiple relaxation process.
The protocol yields a finite number of parameters that semi-quantitatively cap-
ture the different relaxation phenomena, providing an indirect measure of energy
stored by each polymer feature during the single relaxation transition. To prove the
concept we used two unentangled polyamides and four near-𝑇፠ self-healing unen-
tangled polyimides containing short aliphatic branches and aromatics responsible
for π-π interactions [18, 20]. The protocol presented here makes it possible to
identify the individual contributions to healing showing a clear correspondence be-
tween the energy stored by the system to accomplish reversible (e.g. H-bonds, π-π
stacking) and chain interdiffusion relaxation transitions and the healing efficiency
of such polymers. The results of the study makes it clear that it is important to
have a certain temperature distance between 𝑇፠ and the temperature for sticker
relaxations to obtain the desired combination of significant mechanical healing and
high mechanical properties. This quantified temperature distance can be used as a
new design criterion for the synthesis of stronger yet efficient self-healing polymers.
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3.2. Experimental and Fitting Protocol
3.2.1. Polymers Syntheses
To evaluate the potential and validity of the protocol a set of healable polyimide
and polyamide polymers with controlled polymer architecture, comparable molec-
ular weights yet a different number of physical reversible groups (H-bonding and
π-π interactions) were synthesized. A related non-healing linear polyamide was also
synthesized.
Four self-healing polyimides (SH-PIs) were synthesized using the procedures de-
scribed elsewhere [18, 19]. The monomers used were three different aromatic dian-
hydrides 4,4’-(4,4’-isopropylidenediphenoxy)bis(phtalic anhydride) (BPADA), 4,4’-
oxidiphtalic anhydride (ODPA), 4,4’-(Hexafluotoisopropylidene)diphtalic anhydride
(6FDA) and a fatty dimer diamine derived from vegetable oil (Priamine 1075) (pro-
vided by Croda Nederland B.V.). The polyimides were divided in two Control Groups
(Figure 3.1). Control Group 1 consists of two polyimides obtained by polymerisa-
tion of Priamine and ODPA. The two polyimides differ in the stoichiometric molar
feed Priamine/ODPA:ODPA-p0.9 (with 10% mol excess of ODPA),ODPA-p1.0 (at
the theoretical stoichiometric ratio). Control Group 2 consists of three polyimides
obtained by polymerisation of Priamine and three distinct aromatic dianhydrides.
The three polyimides differ in the degrees of rotational freedom (DRF) of the anhy-
dride rigid segment: BPADA-p1.0 (DRF = 2), ODPA-p1.0 (DRF = 1), 6FDA-p1.0
(DRF = 0). DRF is related to the flexibility of the dianhydride moiety and in particu-
lar to the degree of rotational freedom around central linker (e.g. oxygen atom for
ODPA-p1.0). A lower DRF implies higher energy penalty to be paid to explore rota-
tional states, as verified for this set of anhydrides both experimentally and through
computations by Susa et al. [20].
A self-healing polyamide C9PA was synthesized using a one-step polymerisation
process as described here on. The monomers used were Isophtaloyl chloride
(IPC) (Sigma-Aldrich, purum, ≥98%) and Priamine 1075. The synthesis was con-
ducted in 1-Methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, anhydrous, ≥99.5%) with
monomer molar concentration of 1 mmol/mL, using triethylamine (NEt3, Sigma-
Aldrich, ≥99.5%) as acid scavenger in molar concentration of 1.2 mmol/mL. The
molar monomer feed was set at theoretical stoichiometric ratio.
IPC was recrystallized by sublimation as described elsewhere [30] and stored under
nitrogen. Priamine was weighted directly into a three necks round bottom flask. 2/3
(vol.) of the solvent (NMP) was added to the system. The mixture was magneti-
cally stirred at 200 rpm to favour Priamine dissolution and purged under nitrogen
atmosphere. The solution was subsequently cooled to 0 ∘C using an ice bath in
order to avoid unwanted side reactions between the diamine monomer (Priamine)
and the acid scavenger (NEt3). NEt3 was then injected in the system using a sy-
ringe. IPC was weighted and dissolved in a separate flask in 1/3 (vol.) of reaction
solvent (NMP). This solution was then injected in the main reactor using a syringe,
keeping the system under vigorous magnetic stirring. The mixture was kept for 30
minutes at 0∘C. Ultimately the temperature was increased to 55 ∘C for 3 hours. At
the end of the reaction the solution was left to cool down to room temperature.
The viscous mixture was precipitated in excess of demineralized water and washed



3

72

3. A deconvolution protocol of the mechanical relaxation
spectrum to identify and quantify individual
polymer feature contributions to self-healing

three times. To favour the washing step, the precipitation was performed in a metal
blade blender. The precipitate was sheared at 15 krpm for 1 minute. The polymer
was separated from the mixture by using a vacuum conical flask and subsequently
dried under vacuum at 65 ∘C overnight.
A non-healing polyamide Linear-PA was synthesized following an analogous pro-
cedure. The monomer used were IPC and 1,12-Diaminodecane (Sigma-Aldrich,
≥98%). The synthesis was conducted in NMP with monomer molar concentra-
tion of 1 mmol/mL, using NEt3 as acid scavenger in molar concentration of 1.2
mmol/mL. The molar monomer feed was set at the theoretical stoichiometric ratio.
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Figure 3.1: Polymer classes investigated through the application of Maxwell-Weichert me-
chanical analogue model. (Priamine/ODPA) is the molar ratio between diamine monomer (Priamine
1075) and rigid aromatic dianhydride (ODPA). DRF is degrees of rotational freedom of the aromatic dian-
hydride block. At the bottom of this figure we present the extended molecular structure of the Priamine
monomer incorporated in ODPA-p0.9, ODPA-p1.0, 6FDA-p1.0, BPADA-p1.0, C9PA polymers.

3.2.2. Rheological Measurements and Tensile Properties
Temperature sweep and frequency rheology tests were performed for all polymers
to build the rheology master curves applying time-temperature-superposition prin-
ciple (TTS). In all cases a Haake Mars III rheometer (ThermoScientific) (parallel
plate geometry, plate diameter = 8 mm) was used. The data obtained at different
temperatures were shifted using the Rheowin software routine (ThermoScientific).
On the basis of preliminary strain amplitude sweep measurements the shear strain
amplitude was set to 0.1%. Temperature sweeps from 0 to 200 ∘C at a frequency
of 1 Hz were performed to establish the shifting temperatures. Frequency sweep
experiments from 10 to 0.1 Hz were performed with steps of ∆T= 5 ∘C over the
temperature range from 0 and 80 ∘C for all polyimides and C9PA, while steps of ∆T
= 10 ∘C were used for the Linear-PA in the range 95 and 220 ∘C.
The maximum of the loss component of the shear modulus 𝐺ᖦ

in the temperature
sweep tests was used as the internal reference to set the shifting temperature as it
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Table 3.1: Selected polymer properties. Molecular weight distribution (ፌᑨ and ፃ), apparent molec-
ular weight between entanglements (ፌᑖ,ᑒᑡᑡ) as calculated using rubber elasticity (ፌᑖ,ᑒᑡᑡ ዆ ᎞ፑፓᎲ/ፆᑅ,
where ᎞ is the material density, ፑ is the universal gas constant, ፓ is the shifting temperature and ፆᑅ
is the plateau modulus as obtained from the van Gurp-Palmen plot), ፓᑘ as obtained by DSC analysis.
Linear-PA molecular weight distribution is not available since this polymer is not soluble in the available
GPC solvents.

Polymer 𝑀፰ 𝐷 𝑀፞,ፚ፩፩ DSC-𝑇፠
(kDa) (kDa) (∘C)

ODPA-p1.0 32 2.0 2.9 13
ODPA-p0.9 32 2.0 2.1 17
BPADA-p1.0 29 1.6 3.3 24
6FDA-p1.0 41 2.0 3.3 25

C9PA 17 1.9 4.6 25
Linear-PA n.a. n.a. 0.9 120

is at the midpoint of the dynamic phase transition. The reference shifting tempera-
tures were 𝑇ኺ (ODPA-p0.9) = + 20 ∘C, 𝑇ኺ (ODPA-p1.0) = + 15 ∘C, 𝑇ኺ (BPADA-p) =
+ 25 ∘C, 𝑇ኺ (6FDA-p)= +30 ∘C. C9PA and Linear-PA rheological master curves were
built at the reference temperature of 𝑇ኺ(C9PA) = + 35 ∘C and 𝑇ኺ (Linear-PA) = +
120 ∘C.
Macroscopic healing was evaluated using tensile mechanical testing with dog-bone
specimens according to the ASTM D1708 standard and applying a cross-head speed
of 80 mm/min. To quantify the healing behaviour, pristine samples were cut with
a sharp razor blade and directly put back in contact applying gentle pressure at
ambient controlled temperature (21∘C). After placing the sample halves in contact
in closely fitting moulds the samples were subjected to healing treatments at spe-
cific healing temperatures for 11 days, without any additional load applied. The
healing temperature was set at the temperature corresponding to the maximum
of tan 𝛿 = 𝐺ᖦ /𝐺ᖤ

extrapolated from preliminary temperature sweeps analyses. All
polymers exhibited intrinsic self-healing behaviour with the exception of the Linear-
PA. The lack of healing in the Linear-PA is attributed to the high degree of main
chain crystallisation induced by unperturbed hydrogen bonds among amide link-
ages as a result of the absence of aliphatic dangling chains (which are present in
all other investigated systems).

3.2.3. Fitting protocol
The developed protocol is schematized in Figure 3.2 and was set, validated and
applied to the master curves of the five polymers shown in Figure 3.1 . The con-
struction of the rheology master curves is indicated as Step 0 in Figure 3.2.
Step 1 consists of the determination of the best estimate for the continuous re-
laxation spectrum function 𝐻(𝜏) 𝑒𝑥𝑝. The spectrum 𝐻(𝜏) 𝑒𝑥𝑝. is derived from the
experimental data of storage and loss moduli through the mathematical resolution
of a well-known ill-posed problem [13]. The solution is attained by applying the non-
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linear regression method developed by Honerkamp and Weese [31], as this method
is both reliable and simple to use [32]. The source code of the algorithm can be
found in the CPC Program library [33]. In this protocol, the minimum and maxi-
mum relaxation times are user-defined. In our case we simply set 𝜏min = 1/𝜔max
and 𝜏max = 1/𝜔min where 𝜔max and 𝜔min are the highest and the lowest angular
frequency in the modulus data, as suggested in the library user manual. The con-
struction of 𝐻(𝜏) 𝑒𝑥𝑝. facilitates the application of mechanical analogous modelling
and sets up a multi-optimization problem as shown in Steps 2 and 3. Step 2 consists
of the selection of the analogous mechanical model and the fit of the continuous
relaxation spectrum 𝐻(𝜏) 𝑒𝑥𝑝. obtained in Step 1. Here we selected the infinite
Maxwell model (or Maxwell-Weichert model) as the analogous mechanical model.

𝐻ፌ፨፝፞፥(ln 𝜏) =
፧

∑
።዆ኻ

𝐴። exp(− ((ln(𝜏) − ln(�̃�።))ኼ

2𝜎ኼ
።

) (3.1)

The model entails an infinite number of Maxwell elements (a compliance and a
dashpot in series) connected in parallel. The choice of this model allows us to ap-
proach the problem in the most general and unbiased way.
In Equation 3.1 𝐻ፌ፨፝፞፥(𝜏) is the model relaxation spectrum, 𝜏 is the vector of time
containing the experimental time extrapolated from 𝐻(𝜏) acquired in Step 1. �̃�, 𝐴,
𝜎 are fitting parameters. In particular (�̃�።) regulates the position on the time axis
of a specific Maxwell element 𝑖, 𝐴። controls the maximum magnitude, 𝜎። controls
the half height width. The function 𝐻ፌ፨፝፞፥ must be validated with respect to two
variables: the number of Maxwell elements 𝑖 → 𝑖፨፩፭።፦፮፦ (a number that is a priori
in principle unknown and which will determine the number of dominant relaxation
mechanisms) and the set of fitting parameters (�̃�, 𝐴, 𝜎). The experimental 𝐻(𝜏) exp.
is fitted with a user-defined initial number of relaxation elements 𝑖, generating the
fit function 𝐻(𝜏) Maxwell. 𝐻(𝜏) Maxwell curve is represented by the red crosses in
Step 2. Other markers in Step 2 represent the corresponding individual dominant
relaxation mechanisms. Then, the optimal number of Maxwell elements and the
set of best fitting parameter values is identified based on the minimization of the
coefficient of determination (𝑟ኼ) obtained by comparing the model storage and loss
moduli (𝐺ᖤMaxwell model and 𝐺ᖦMaxwell model, reconstructed from 𝐻(𝜏) Maxwell)
with the experimental moduli (𝐺ᖤexp. and 𝐺ᖦexp.) curve as shown in Step 3 and
indicated with the arrows between Steps 2 and 3 as an iterative optimization pro-
cess. 𝐺ᖤMaxwell model and 𝐺ᖦMaxwell model are calculated using known relations
[13] reported in Equation 3.1 and 3.2.
The optimization algorithm was set in Matlab R2017b using lsqnonlin function to
solve the nonlinear data fitting (MathWorks Inc.).

𝐺ᖤ (𝜔) = ∫
ጼ

ዅጼ

𝐻 ln (𝜏)𝜔ኼ𝜏ኼ

1 + 𝜔ኼ𝜏ኼ 𝑑 ln 𝜏 (3.2)

𝐺ᖤ (𝜔) = ∫
ጼ

ዅጼ

𝐻 ln (𝜏)𝜔𝜏
1 + 𝜔ኼ𝜏ኼ 𝑑 ln 𝜏 (3.3)



3

76

3. A deconvolution protocol of the mechanical relaxation
spectrum to identify and quantify individual
polymer feature contributions to self-healing

Baumgaertel and Winter [34] developed a conceptually similar procedure to infer
the minimum number of Maxwell modes directly from 𝐺∗(𝜔) which is implemented
in the commercially available IRIS software package.

Figure 3.2: Fitting protocol to determine the number of dominant relaxations as applied
to ODPA-p1.0. (i) Experimental rheological master curve build up (Step 0); (ii) derivation of the
relaxation spectrum ፇ(Ꭱ) exp. (Step 1); (iii) construction of the fit function ፇ(Ꭱ) Maxwell by using
analogous mechanical models (Step 2); and (iv) validation and optimization of the mechanical model by
reconstruction of ፆᖤ

Maxwell model and ፆᖦ
Maxwell model master curves (Steps 2 and 3).

3.3. Results
The experimental frequency master curves of ODPA-p0.9, ODPA-p1.0, 6FDA-p1.0,
BPADA-p1.0 and C9PA are presented in Figure 3.4G-K. All polymers present the
typical dynamical mechanical features of dynamic supramolecular networks [3].
For such systems the molecular weight between effective interaction points (𝑀፞) is
lower than the minimum possible molecular weight for entanglements (Table 3.1
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Table 3.2: Coefficient of determination (r2) obtainedwhen comparing the experimental mas-
ter curve with the reconstructed master curve after the fitting process. ። indicates the number
of Maxwell elements used in the fitting protocol. The optimum number of relaxation mechanisms for
each polymer (i.e. Maxwell elements in series) is highlighted in bold.

𝑖 = 1 𝑖 = 2 𝑖 = 3 𝑖 = 4 𝑖 = 5
ODPA-p0.9

𝑟ኼ[𝐺ᖤ (𝜔)] 0.3421 0.8406 0.8496 0.8430 0.6297
𝑟ኼ[𝐺ᖦ (𝜔)] - - - - -

ODPA-p1.0
𝑟ኼ[𝐺ᖤ (𝜔)] 0.9355 0.9479 0.9566 0.9549 0.9541
𝑟ኼ[𝐺ᖦ (𝜔)] 0.9162 0.9134 0.9176 0.9129 0.9118

6FDA-p1.0
𝑟ኼ[𝐺ᖤ (𝜔)] 0.9060 0.9220 0.9350 0.9322 0.9339
𝑟ኼ[𝐺ᖦ (𝜔)] 0.6311 0.6449 0.6498 0.6474 0.6441

BPADA-p1.0
𝑟ኼ[𝐺ᖤ (𝜔)] 0.9531 0.9722 0.9860 0.9853 0.9852
𝑟ኼ[𝐺ᖦ (𝜔)] 0.8901 0.8963 0.8975 0.8957 0.9119

𝑖 = 2 𝑖 = 3 𝑖 = 4 𝑖 = 5 𝑖 = 6
C9PA

𝑟ኼ[𝐺ᖤ (𝜔)] 0.9095 0.9100 0.9124 0.9110 0.8876
𝑟ኼ[𝐺ᖦ (𝜔)] 0.8139 0.8041 0.8142 0.8091 0.3648

and references [18, 20]), so the apparent elastic plateau presence at intermediate
frequency is attributed to the presence of supramolecular stickers, in accordance
with sticky reptation theory by Rubinstein and Colby [23]. Such an apparent elastic
plateau was also shown to exist in our previous work on self-healing polyimides
similar to the ones used in this work [20]. None of these master curves do show
any clear separation between the relaxation phenomena associated to the main
chain segmental mobility and those to the supramolecular bonds.
The fitting protocol shown in Section 3.2.3 was applied to all rheological data sets
for the six polymers explored.

Table 3.2 shows the 𝑟ኼ values obtained during the fitting process to establish
the optimal number of relaxation mechanisms 𝑖. Three relaxation phenomena
(𝑖፨፩፭።፦፮፦ = 3) where identified for the SH-PIs (ODPA-p0.9, ODPA-p1.0, 6FDA-p1.0,
BPADA-p1.0), four in the case of the self-healing polyamide C9PA with aromatics
and H-bonds (𝑖፨፩፭።፦፮፦ = 4) and three for the non-healing Linear-PA (𝑖፨፩፭።፦፮፦ = 3).

Figures 3.3A-F show for each polymer the optimal fit function with its correspond-
ing reconstructed 𝐻(𝜏) Maxwell in red crosses, while Figures 3.4G-L show the val-
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idation curves comparing the experimental and the reconstructed master curves. It
should be noted that all inferred relaxation peaks (both experimental and model)
fall in the range of validity proposed by Davies and Anderseen [35] and extensively
verified by McDougall et al. [32] for the method developed by Weese and Hon-
erkamp to construct the continuous relaxation spectrum using the mathematical
operations described above. According to the Davies and Anderseen sampling lo-

calisation [35] the reliable interval for truly valid relaxation times 𝜏 is 𝜏min = ፞ᒕ/Ꮄ

Ꭶmax
;

𝜏max = ፞Ꮍᒕ/Ꮄ

Ꭶmin
which is marked by sets of two dashed vertical lines in Figures 3.3A-F.

The validation results in Figures 3.4G-K show that the protocol captured the entire
relaxation of the frequency set for the self-healing polymers. The sets of fitting pa-
rameters regulating time position (�̃�), magnitude (𝐴) and width (𝜎) of the individual
relaxations for each polymer are reported in Table 3.3. Two overlapping phenom-
ena at intermediate relaxation times were found for the set of SH-PIs (ODPA-p0.9,
ODPA-p1.0, 6FDA-p1.0, BPADA-p1.0) while three overlapping relaxation mecha-
nisms were identified for the SH-PA (C9PA). In the case of the high 𝑇፠ non-healing
system (Linear-PA) the protocol identified two overlapping relaxations at intermedi-
ate times, as for the SH-PIs. As will be shown in the Discussion section, each of the
identified individual relaxation phenomena can be attributed to a specific polymer
architectural feature having a specific effect on the viscoelastic relaxation profile,
namely segmental mobility, aromatic interactions, H-bonds and terminal relaxation.



3.3. Results

3

79

Figure 3.3: Fitting results and validation after protocol implementation (relaxation spec-
trum). (A-F) Optimal fit function ፇ(Ꭱ) Maxwell (red cross markers) and dominant relaxation mecha-
nisms (continuous lines with marker) on top of experimentally calculated relaxation spectrum ፇ(Ꭱ) ፞፱፩.
(dashed line). The individual relaxations can be related to the presence of certain polymer features
as discussed in the Discussion section and shown here with different markers (segmental relaxation
ፑᑤᑖᑘ.ᑞᑠᑓ. as filled triangle marker, aromatic interactions ፑᑒᑣᑠᑞᑒᑥᑚᑔ as empty triangle marker, hydrogen
bonds interaction ፑᐿᎽᑓᑠᑟᑕᑤ as squared marker, terminal relaxation ፑᑥᑖᑣᑞᑚᑟᑒᑝ as diamond marker). The
vertical dash lines show the lower and upper limits of validity of the relaxation time for the continuous
relaxation spectrum as inferred by Davies et al. [35]
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Figure 3.4: Fitting results and validation after protocol implementation (shear moduli). (G-
L) Comparison of the experimental moduli ፆᖤ

exp. and ፆᖦ
exp. (continuous and dashed lines) and the

moduli derived from the fitting procedure ፆᖤ
Maxwell model and ፆᖦ

Maxwell model (cross and triangle
markers), showing good correlation.
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Table 3.3: Fitting parameters as output by protocol application to the set of SH-PIs, the
self-healing polyamide (C9PA) and non-healing polyamide (Linear-PA).

Polymer �̃�ኻ �̃�ኼ �̃�ኽ �̃�ኾ 𝐴ኻ 𝐴ኼ 𝐴ኽ 𝐴ኾ
(s) (s) (s) (s) (MPa) (MPa) (MPa) (MPa)

ODPA-p.09 6.1 19.8 2.2 - 5.5 1.9 0.31 -
e3

ODPA-p1.0 2.5 100 7.1 - 17.2 1.5 0.15 -
e4

6FDA-p.10 4.7 70.0 1.6 - 25.5 2.2 0.24 -
e4

BPADA-p.10 3.4 18.9 1.0 - 14.0 4.7 0.69 -
e4

C9PA 1.5 1.0 1.7 31.2 12.6 8.9 8.9 0.23
e-5 e-3 e-3

Linear-PA 1.0 16.8 1.2 - 1.14 0.60 0.11 -
e3

Polymer 𝜎ኻ 𝜎ኼ 𝜎ኽ 𝜎ኾ
(-) (-) (-) (-)

ODPA-p0.9 1.06 0.747 0.403 -

ODPA-p1.0 0.699 0.758 0.401 -

6FDA-p1.0 1.02 1.03 0.350 -
p1.0

BPADA-p1.0 0.796 0.562 0.343 -

C9PA 0.639 0.379 0.379 0.675

Linear-PA 0.676 0.543 0.505 -
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3.4. Discussion
3.4.1. Type and distribution of relaxation events
The fitting protocol applied to the experimental relaxation spectrum clearly re-
veals the existence of different relaxation mechanisms (Figure 3.3A-F) as it shows
the presence of overlapping relaxations not identifiable in simple experimental fre-
quency master curves. The identification of all the relaxations taking place allows
discussing the contribution of different polymer features to a given macroscopic
phenomenon, e.g. self-healing, in a relatively simple approach in case the polymer
architecture is known.
ODPA-p1.0 is a polyimide showing complete macroscopic healing in a three stage
process consisting of fast-tack followed by time dependent long range interactions
(self-diffusion) at the temperature of interest used in this work [18]. For this poly-
mer the fitting protocol shows three relaxation mechanisms (Figure 3.3B). Two
of these phenomena strongly overlap at short-intermediate timescales (�̃�ኻ, �̃�ኼ) in
the so-called transition region. A third relaxation mechanism is identified for long
timescales (�̃�ኽ) in the so-called terminal region. This branched unentangled low
molecular weight polymer owes its high mechanical properties below 𝑇፠ to the pres-
ence of non-covalent π-π interactions in the hard blocks and, to a lesser extent, to
side branch interactions in the soft blocks (see molecular architecture in Figure 3.1
and reference [19]) as has been demonstrated by combining rheology and NMR
[20]. In a near-𝑇፠ healing polymer as ODPA-p1.0, with a known and relatively sim-
ple polymer architecture, it is possible to allocate the transition region relaxations
(�̃�ኻ, �̃�ኼ) to short range main chain segmental mobility and to the opening of a tran-
sient network constituted by physical reversible interactions among dianhydride
aromatic units. Here, �̃�ኻ is attributed to the main chain segmental mobility as these
relaxation phenomena at such short time scales require low energetic main chain
conformation rearrangements incompatible with physical crosslinks. It follows that
�̃�ኼ can be associated to aromatic interactions disjunction. Ultimately, ODPA-p1.0
being a non-crosslinked polymer, the terminal relaxation (�̃�ኽ) is associated to sticky
chain reptation, when the chain is able to escape its ‘tube’ [20]. In analogy to our
analysis of ODPA-p1.0 the three relaxation events observed in the other polymers
with comparable architecture, namely ODPA-p0.9 (Figure 3.3A), 6FDA-p1.0 (Figure
3.3C), BPADA-p1.0 (Figure 3.3D), can be associated to main chain segmental mo-
bility (�̃�ኻ), physical network dissociation given by aromatics interactions (�̃�ኼ), and
chain reptation (�̃�ኽ).
The results and analysis is somewhat different for the case of the polymer includ-
ing an extra polymer feature (H-bonding), namely C9PA. In this case the opti-
mum number of relaxation events is four (𝑖፨፩፭።፦፮፦ = 4) as shown in Figure 3.3E
and confirmed by the values of 𝑟ኼ as presented in Table 3.2. For this polymer, a
broad transition region with a higher relaxation strength (absolute value of 𝐻(𝜏)) at
short-intermediate timescales can be observed. The optimized fitting reveals three
deconvoluted relaxation events (�̃�ኻ, �̃�ኼ, �̃�ኽ) in the broad transition region present
at short-intermediate timescales, although it should be noted that two of these
strongly overlap in the time domain �̃�ኼ, �̃�ኽ), possibly suggesting that these relax-
ation mechanisms are cooperatively contributing to one dominant dynamic process.
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Based on the molecular design and on the optimisation of the dominant relaxation
mechanisms through the protocol (𝑖፨፩፭።፦፮፦ = 4), the relaxations can be attributed
to the overlap of main chain segmental mobility (�̃�ኻ) and the disengagement of a
double transient network constituted by hydrogen bonds between the amide units
and those between the aromatics (�̃�ኼ, �̃�ኽ). The strong overlap of these two suggests
these phenomena are strongly bound to each other, which is not surprising con-
sidering the proximity of the two responsible segments in the polymer architecture
(Figure 3.1). �̃�ኾ at long timescales is attributed to terminal relaxation.

3.4.2. Physical meaning of the fitting parameters
The relaxation spectrum 𝐻(𝜏) has the nature of a distribution function, even though
it has the dimension of a modulus rather than the dimensionless character of a com-
mon distribution function. Strictly speaking h is defined as: ℎ = 𝐻 ⁄ 𝐺፠ where 𝐺፠
is the stress/strain ratio for an instantaneous deformation [13]. Considering 𝜏∗ as
a generic relaxation time, the absolute value of the relaxation spectrum |𝐻(𝜏∗)| is
proportional to the energy dissipation at that time location. For this reason, the area
under the distribution curve 𝐻(𝜏) is proportional to the energy stored during the
relaxation process and therefore to the plateau of 𝐺ᖤ

obtained by macro-rheology.
Hence a physical meaning can be bestowed onto the fitting parameters obtained.
In particular, for a certain relaxation mechanism 𝑖, �̃�። defines the relaxation time
corresponding to the maximum of dissipation so it regulates the kinetics of the re-
laxation transition. The ratio 𝐴።/𝜎። is the area under the curve of the individual
relaxation event and is therefore related to the energy stored in the system related
to the relaxation transition 𝑖 and is proportional to 𝐺፠ (stress/strain ratio for an
instantaneous deformation). We will refer to the ratio 𝐴።/𝜎። as “energy distribution
shape” parameter. In this manner we can correlate the macroscopic healing be-
haviour to quantifiable data extracted from the fitting protocol.
In self-healing polymers, a precise indication of supramolecular bond lifetime (𝜏፛)
is fundamental to understand the timescale of the interfacial wetting step of the
healing process [11]. For the set of SH-PIs, �̃�ኼ was associated to the opening of
a transient network consisting of aromatics interactions. The �̃�ኼ results obtained
with the protocol implementation (Table 3.3) are consistent with the intermediate
range of bond lifetime (1 < 𝜏፛ < 100s) previously reported for functional (and self-
healing) supramolecular polymers [11, 36]. This confirms the hypothesis of the
existence of a short-term healing step consisting of interfacial wetting, followed by
a long-term chain interdiffusion and randomization related to terminal flow origi-
nally proposed by Wool and co-workers [37].
The broadening of the transition region in C9PA when compared to the analysed
SH-PIs can be evaluated quantitatively by analysing the difference in the ratio of the
fitting parameters 𝐴ኼ/𝜎ኼ shown in the summary table, Table 3.4. The increase in
the value of 𝐴ኼ/𝜎ኼ can be attributed to the additional amount of dissipated energy
necessary to open up the double transient network (or stronger physical crosslinks
due to the presence of two supramolecular features).
Similarly, the ratio 𝐴ኻ/𝜎ኻ can be related to the main chain rigidity. This transition
is attributed to the main chain segmental mobility. So, for polymers with a higher



3

84

3. A deconvolution protocol of the mechanical relaxation
spectrum to identify and quantify individual
polymer feature contributions to self-healing

Table 3.4: Ratio of the fitting parameters Ai/σi for the SH-PIs and SH-PA as obtained by the
application of the deconvolution protocol. The ratio ፀᑚ/᎟ᑚ is proportional to ፆᑘ and so it is related
to the energy stored by the system to accomplish each relaxation transition.

Relaxation 𝑖፨፩፭።፦ፚ፥ Polymer 𝐴ኻ/𝜎ኻ 𝐴ኼ/𝜎ኼ 𝐴ኽ/𝜎ኽ 𝐴ኾ/𝜎ኾ
mechanisms (MPa) (MPa) (MPa) (MPa)
1) Segmental ODPA-p0.9 5.16 2.53 0.76 -

mobility ODPA-p0.9 24.6 1.94 0.36 -
2) Aromatics 3 6FDA-p1.0 25.0 2.09 0.69 -
3) Terminal BPADA-p1.0 17.6 8.41 1.86 -
relaxation

1) Segmental
mobility

2) Aromatics 4 C9PA 19.72 23.48 23.48 0.34
3) H-bonds
4) Terminal
relaxation

main chain flexibility we reasonably expect a lower amount of energy stored by
the system to accomplish the relaxation. Considering the series of SH-PIs, Control
group 2, the highest chain flexibility of BPADA-p1.0 (DRF = 2) is linked to the low-
est stored energy 𝐴ኻ/𝜎ኻ (Table 3.4 and Figure 3.5). Analogously the higher chain
flexibility of ODPA-p1.0 (DRF = 1) when compared to 6FDA-p1.0 (DRF = 0) results
in a relative lower 𝐴ኻ/𝜎ኻ (Table 3.4 and Figure 3.5). So, fundamental arguments
along with experimental evidence seems to confirm the physical meaning assigned
to the optimized fitting parameters.

Figure 3.5: Maxwell-Weichert model best fit of energy distribution shape related to main
chain segmental mobility (A1/σ1) for SH-PIs Control group 2 with increasing main chain
rigidity. Higher energy stored by the system to accomplish the relaxation transition corresponds to
higher main chain rigidity.
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3.4.3. Relating fitting protocol outcome to self-healing
efficiency

Theoretical studies by Wool and co-authors [37, 38] demonstrate that in non-
crosslinked polymers crack-healing consists of five steps: segmental surface rear-
rangements, surface approach, wetting, diffusion, and randomization. The repta-
tion model theory semi-quantifies such healing events and shows that the recovery
of the fracture stress is related to molecular weight 𝑀 and time 𝑡 via 𝜎 ∝ (𝑡/𝑀)ኻ/ኾ.
While this dependence on time and molecular weight was experimentally shown
for crack healing poly(methylmethacrylate) (PMMA) and supramolecular elastomers
[39], it is not reflected in the series of SH-PIs as has been reported elsewhere
[19, 20]. Using healing efficiency (𝐻𝐸) as 𝐻𝐸 = ᎒ᑓ,ᑙᑖᑒᑝᑖᑕ

᎒ᑓ,ᑡᑣᑚᑤᑥᑚᑟᑖ
with 𝜀፛ being strain at

break, as an indicator for healing efficiency there is no real correlation between
the number molecular weight (𝑀፧) shown in Table 3.1 (𝑀፧,ፎፃፏፀዅ፩ < 𝑀፧,ፁፏፀፃፀዅ፩ <
𝑀፧,ዀፅፃፀዅ፩) and the experimental long term healing data extrapolated by tensile
mechanical data shown in Figure 3.6 (𝐻𝐸ፁፏፀፃፀዅ፩ < 𝐻𝐸ዀፅፃፀዅ፩ < 𝐻𝐸ፎፃፏፀዅ፩) nor
with the terminal relaxation values from the macro-rheology tests where shorter
timescales are obtained for BPADA-p1.0 compared to 6FDA-p1.0 and ODPA-p1.0
[19].

Figure 3.6: Mechanical tensile testing of pristine and healed PI Control Group 2 after 11 days
at Thealing=Tg.

Interestingly, the analysis of the fitting protocol relaxation times (�̃�።) from Table 3.3
gives similarly contradicting results. As shown in Figure 3.7A-B (empty markers),
low values of healing efficiency corresponds to the shorter timescales of BPADA-
p1.0 polymer (low values of 𝜏ኼ and 𝜏ኽ), while high healing efficiency corresponds
to the longer timescales of 6FDA-p1.0 and ODPA-p1.0.
The weak agreement between theory, macro-rheology and long term healing ex-
periments can be accounted for by the fact that the reptation model proposed by
Wool does not consider bond cleavage and intermolecular interactions. We ar-
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gue that this information can be inferred by the analysis of the energy distribution
shape parameter (𝐴 ⁄ 𝜎). As discussed in Section 3.4.2, the energy distribution
shape parameter (𝐴 ⁄ 𝜎) reflects the energy that the system stores during the re-
laxation transition. Therefore in our analysis the ratio 𝐴ኼ ⁄ 𝜎ኼ is attributed to the
energy needed to break the reversible interactions among aromatics and 𝐴ኽ ⁄ 𝜎ኽ
is attributed to the energy needed for chain interdiffusion. If bonds cleavage and
intermolecular interactions play a major role in the determining high healing effi-
ciency, then low 𝐴 ⁄ 𝜎 values should yield high healing efficiency. In other words,
less energy must be stored by the system to relax and self-heal. Effectively, as
shown in Figure 3.7B (filled markers), we indeed found this correspondence: lower
𝐴ኼ ⁄ 𝜎ኼ and 𝐴ኽ ⁄ 𝜎ኽ values belong to high healing efficiency polymers.
An independent estimation of the energy stored by the system in the overall relax-
ation process can be obtained using the William-Landel-Ferry fit to the experimental
rheological shift factors [13]. The results of the calculation are shown in Figure
3.9A-B. For the spectrum of shifted temperatures, Δ𝐻ፚ፩፩ፚ፫፞፧፭ follows the trend
of the energy values obtained from the fitting as shown in Figure 3.7 and healing
efficiency.
Similar considerations can be made when comparing two PIs with different branched
monomer/aromatic dianhydride (Priamine/ODPA) ratios. In these polymers there
is also no agreement between macroscopic healing efficiency, macrorheology and
fitting protocol relaxation time (�̃�። trend represented in Figure 3.8B). However the
trend of 𝐴ኽ/𝜎ኽ (Figure 3.8C) and Δ𝐻ፚ፩፩ፚ፫፞፧፭ of the overall relaxation process com-
puted through WLF fit of the shifted data (Figure 3.9C-D) are in mutual agreement
and in accordance with the macroscopic healing data reported in Figure 3.8A.
In conclusion, while high chain flexibility and fast relaxation time constants seem
to govern the first stage of self-healing (interfacial healing) [40], we show for the
first time in a quantitative manner for a number of polymers that the energy stored
by the system during the healing process is crucial when considering the design
of efficient self-healing polymers because it regulates reversible bond cleavage and
chain interdiffusion. The fitting protocol developed offers a simple way of identify-
ing individual relaxation contributions and estimating the energetic contribution to
the involved relaxation processes.
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Figure 3.7: Energy distribution shape (A⁄σ) and relaxation time constants (τ) as obtained for
SH-PIs Control group 2 and related long term (11 days) healing efficiency. (A) Parameters
related to reversible interactions among aromatics (ፀᎴ ⁄ ᎟Ꮄ , ᎡᎴ). (B) Parameters related to the chain
interdiffusion transition (ፀᎵ ⁄ ᎟Ꮅ , ᎡᎵ).
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Figure 3.8: Mechanical properties and energy distribution parameters for SH-PIs Control
group 1. (A) Mechanical tensile testing of pristine and healed SH-PIs Control group 1 after 11 days
at ፓᑙᑖᑒᑝᑚᑟᑘ ዆ ፓᑘ. (B-C) Energy distribution shape and relaxation time constants as obtained for Con-
trol group 1. (B) Parameters related to reversible interactions among aromatics (ፀᎴ ⁄ ᎟Ꮄ , ᎡᎴ). (C)
Parameters related to the chain interdiffusion transition (ፀᎵ ⁄ ᎟Ꮅ , ᎡᎵ).
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Figure 3.9: Apparent enthalpy of relaxation transition computed through the WLF fit of ex-
perimental rheology frequency master curves. (A-B) Effect of the dianhydride type. (C-D) Effect
of the ODPA/Priamine molar ratio. The enthalpy barrier increases with higher degrees of rotational free-
dom and with lower amount of branched diamine, acting as limiting factor on the long term healing
behaviour of the SH-PIs.

3.5. Conclusions
We successfully developed and implemented a deconvolution protocol of the con-
ventional macro-rheology master curve. This approach enables the determination
of the number of individual relaxations related to different polymer features con-
tributing to the overall relaxation spectrum, showing for the first time a clear sepa-
ration between the relaxation timescales associated to main-chain segmental mobil-
ity and reversible lateral interactions in near-𝑇፠ polymers. The concept was proven
for a set of self-healing polyimides (SH-PIs), a self-healing polyamide (C9PA) and
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a non-healing reference polyamide (Linear-PA). For these polymers the protocol
accurately identified the overlapping relaxation dynamics attributed to main chain
segmental mobility and a number of supramolecular interactions as well as the ter-
minal relaxation. The continuous relaxation spectrum unveiled some features that
could not have been inferred from classical representations of linear viscoelastic
data.
The approach bridges an existent gap between the macro-rheological analysis based
on relaxation timescales and the macroscopic healing data and opens the way to
predicting the long term macroscopic healing behaviour as a function of the poly-
mer architecture. With the method presented here we can identify the effect of
the implementation of a number of reversible chemistries on the rheological relax-
ation mechanics and therefore on the healing behaviour. This should allow a more
meaningful and more effective design of self-healing polymers.
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polyurethanes

Abstract
The use of rheology and terminal flow relaxation times to predict healing
behavior at long healing times is by now quite well accepted. In this work
we go one step further and explore the use of macro-rheology (in particular
the stored work of deformation) to predict the early stage interfacial heal-
ing properties (fracture resistance) of a set of self-healing polyurethanes.
The interfacial healing is measured by single edge notch fracture experi-
ments, using short healing times and a low healing temperature to exclude
the effect of long range molecular motion on mechanical properties restora-
tion. The systems based on aromatic diisocyanates show high fracture re-
sistance after healing, while very limited restoration of the mechanical prop-
erties is observed for aliphatic and cycloaliphatic based polyurethanes. Lin-
ear sweep rheology and time-temperature-superposition allow obtaining the
macro-rheological master curve and the mechanical relaxation spectra (𝐻(𝑡)).
The application of a recently established deconvolution protocol to the 𝐻(𝑡)
gives the characteristic relaxation times and stored works of deformation
associated to individual dynamic processes such as segmental motion, re-
versible bonds, and terminal flow. It is found that the calculated storedworks
of deformation related to the reversible bond relaxation reproduce the trend
observed by fracture resistance at healed interfaces and reveal a qualitative
correspondence between reversible bonds work of deformation and interfa-
cial healing fracture resistance. Moreover, the method seems to point to the
existence of a threshold interfacial work of deformation below which no effi-
cient load transfer can be observed.
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4.1. Introduction
The field of self-healing polymers has rapidly grown in recent times driven by in-
creasing environmental concerns related to plastic overconsumption that boost the
scientific research towards the development of alternatives to current commodities
polymers, including functional and self-healing systems.
Many proofs of concepts have been presented exploiting the intrinsic healing ap-
proach. Intrinsic healing is addressed by the molecular design of the network in
opposition to extrinsic systems which rely on the present of discretely dispersed
carriers containing the healing agent [1, 2]. In order to exploit the intrinsic self-
healing ability two requirements have to be fulfilled: (i) high density of reversible
bonds to deconstruct and reconstruct the broken interface and (ii) sufficient chain
mobility to facilitate local flow at the damage site. A number of reviews summarize
how the incorporation of different reversible chemical and physical bonds can suc-
cessfully lead to the production of self-healing polymers [3–6]. A careful analysis
of these works evidences that the use of van der Waals [7, 8], π-π stacking [9]
and/or microphase separation [10] could be used to turn commodity-like systems
into self-healing variants without the introduction of severe chemical modifications.
The healing action in intrinsic systems occurs in two successive stages: initial inter-
face restoration by reversible bonds swapping and subsequent interphase healing
by macromolecular diffusion [11]. In this work we aim to clarify the contribution
of non-covalent reversible bonds to the initial recovery of interfacial strength. In a
previous study we showed evidences that the incorporation of multiple reversible
moieties (namely hydrogen bonding and disulphide exchange) with different asso-
ciation/dissociation kinetics strongly influence the early steps of healing, in which
fast hydrogen bonding relaxation dynamics determines initial tack, and affect long
term healing, when the opening of sulphur-suplhur bonds allows long range mo-
tion [12]. This issue is critical because it defines the design boundaries between
systems with a very high density of reversible bonds but a sluggish terminal re-
laxation and polymers with fast terminal relaxation but a sparse physical network.
Macro-rheology has been used to estimate the timescale of interphase diffusion
and macroscopic crack closure by comparing the kinetics of these processes to the
supramolecular bond lifetime (𝜏፛ = 2𝜋 ⁄ 𝜔፜፫) of embedded reversible interactions
[7, 13]. However, this method does not offer insights on the processes that gov-
ern the initial interface strength restoration. In this work we try to bridge this gap
and explore how to extract more information from the rheological tests that can
be used to predict early stage macroscopic healing strength. To do this we extend
our deconvolution protocol of the mechanical relaxation spectrum constructed by
rheology that allow to isolate the dynamics of individual molecular features [14],
including the calculation of the stored work of deformation.
We explore the use of this approach to predict early stage interfacial healing proper-
ties of a set of polyurethanes, for which the recombination of reversible bonds at the
deconstructed interface defines the initial tack. To this purpose, we use four diiso-
cyanates (diphenylmethane 4,4’ diisocynate MDI, 1,4-phenylene diisocyanate PPDI,
hexamethylene diisocyanate HDI, 4,4’-methylenebiscyclohexyl isocyanate HMDI)
with different simmetry and aromaticity to selectively incorporate multiple reversible
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interactions in the network (hydrogen bonding from the urethane linkage and aro-
matic interactions from the isocyanates) and to study the effect of the monomer
symmetry on the fracture resistance restoration using the single edge notch tensile
(SENT) protocol [15–17].

4.2. Experimental Section
4.2.1. Materials
2-Ethyl-1,3-hexanediol (EHD, 99%), diphenylmethane 4,4’ diisocynate (MDI, 98%),
1,4-phenylene diisocyanate (PPDI), hexamethylene diisocyanate (HDI, >98%), 4,4’-
methylenebis(cyclohexyl isocyanate) (HMDI, mixture of isomers 90%), dibutyltin di-
laurate (DBTDL, 95%) were purchased from Sigma-Aldrich. CroHeal 2000TM (equiv-
alent molecular weight 2000 g/mol) was kindly provided from Croda Nederland B.V.

4.2.2. Synthesis of segmented polyurethanes
Four polyurethanes were synthesized by single shot technique reacting CroHeal
2000, EHD and different diiscoyanates (MDI, PPDI, HDI, HMDI). The diisocyanates
were selected considering increasing level of aromaticity HMDI = HDI < PPDI <
MDI, and symmetry HMDI ≅ MDI < PPDI ≅ HDI. For all the polymers the molar ra-
tio of the hydroxyl chemical functionalities OH (CroHeal 2000) : OH (EHD) was kept
fixed at 1 : 0.6. 10% molar excess of NCO was used to carry the reaction to full
completion. Samples are coded by the name of the isocyanate used followed by the
addition ‘-p’ to distinguish the polymer from the monomer (e.g. MDI based polymer
is coded as MDI-p). Below we report the synthesis of polymer MDI-p. Analogous
procedures were followed for the other polymers in this study. Details on their syn-
theses are reported in the Supplementary Material. The molecular structure of the
segmented polyurethanes is schematically represented in Figure 4.1.

CroHeal 2000 was heated for 1 hour at 90 ∘C to reduce the intrinsic viscosity of the
monomer (melting the ordered domains). Subsequently 90.0 grams (45.0 mmol)
were transferred to a 300 mL polypropylene cup. 3.95 g of EHD (27.0 mmol) were
then added to the cup. 31.64 g (79.20 mmol) of MDI were weighted in a separate
25 mL polypropylene cup, purged under nitrogen inert environment and heated 1
hour at 60 ∘C to reduce its intrinsic viscosity (melting crystalline domains). The MDI
was rapidly poured into the main reaction cup (containing CroHeal 2000 and EHD).
The mixture was sheared under vacuum at 2300 rpm for 135 seconds using a vac-
uum assisted high speed mixer (SpeedMixerTM DAC 400.2 VAC-P). The application
of high vacuum (pressure below 100 mbar) turned out to be critical for the for-
mation of bubble-free polymers. The mixture was then transferred to a 20x20x0.2
cm PTFE mold, equilibrated for 30 minutes at ambient conditions and subsequently
cured overnight at 60 ∘C. The obtained bulk polymers were then equilibrated for 1
week at ambient conditions before testing.
The degree of completion of the polyurethane synthesis was monitored by Atten-
uated Total Reflectance Fourier transform Infrared (ATR-FTIR) analysis by moni-
toring the appearance of the characteristic carbonyl stretching absorption peak at
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≈ 1700 cmዅኻ and the disappearance of isocyanate absorption peak at about ≈
2270 cmዅኻ. ATR-FTIR spectra of all synthesized polymers are shown in Figure S1.

Figure 4.1: Monomers used and molecular structure of synthesized segmented
polyurethanes. (MDI-p is showed as mode of example).

4.2.3. Characterisation Methods
Rheology and mechanical relaxation spectrum deconvolution protocol
Temperature sweep and frequency sweep tests were performed to build the rheo-
logical master curves, applying the time-temperature superposition principle (TTS).
A Haake Mars III rheometer (ThermoScientific) was used, employing a parallel plate
geometry (plate diameter = 8 mm). The data obtained at different temperatures
were shifted using Reptate software (University of Leeds, gplv3 license). On the ba-
sis of preliminary strain amplitude sweep measurements the shear strain amplitude
was set to 0.1%. Frequency sweep experiments from 10 to 0.1 Hz were performed
with steps of ∆𝑇 = 10∘𝐶 over the temperature range from -20 to 200 ∘C for MDI-p
and PPDI-p, steps of ∆𝑇 = 10∘𝐶 were used for HDI-p in the range -20 to 170 ∘C and
steps of ∆𝑇 = 10∘𝐶 were used for HMDI-p in the range -20 to 70 ∘C. The isotherms
were shifted to the reference temperature 𝑇ፑ= 30 ∘C, corresponding to the tem-
perature at which interfacial healing was observed and tested for all systems.
The mechanical relaxation spectrum 𝐻(𝑡) was constructed applying the non-linear
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regression method developed by Honerkamp and Weese [18, 19]. The source code
of the algorithm can be found in the CPC Program library [20]. In this protocol,
the minimum and maximum relaxation times are pre-selected by the user. In our
case we simply set 𝜏min = ኻ

Ꭶmax
and 𝜏max = ኻ

Ꭶmin
where 𝜔max and 𝜔min are the

highest and the lowest angular frequency in the modulus data, as suggested in the
library user manual. The deconvolution protocol was performed following the pro-
cedure reported in Chapter 3 (and ref. [14]). For all the deconvoluted spectra the
coefficients of determination of the reconstructed mastercurve (|𝑟ኼ

ፆᖤ | and |𝑟ኼ
ፆᖤᖤ |) ex-

ceed 0.9 confirming the high quality of the fit. Details of the protocol, including the
calculation of stored work of deformation (𝑊) are reported in the Supplementary
Material.

Extension Dynamic mechanical analyses (DMA)
Dynamical mechanical experiments were carried out on a strain-controlled Q800 (TA
Instruments) in tension mode. The gauge length used was ≈ 10 mm. The sample
thickness was uniform per sample but varied between polymer grades between 0.45
to 1.0 mm. Temperature sweep analyses were carried out over the temperature
range from -50 ∘C to 80 and 120 ∘C (depending on the thermal stability of the
polymer) using a heating rate of 2.0 ∘C/min. All the tests were run at the fixed
amplitude of 10 µm, which falls within the linear viscoelastic regime as established
by the preliminary strain amplitude analyses.

Single edge notch tensile (SENT) fracture test
SENT fracture experiments were performed using an Instron Universal Tensile Test-
ing machine equipped with a 1 kN load cell. Rectangular samples (70 x 20 mm)
were cut with a die from 2 mm thick polymer sheets. A sharp pre-notch with length
of 10 mm was made from the middle of the longest edge, perpendicularly to it,
using a razor blade. The polymers were cooled for 1 hour at 2 ∘C prior to the dam-
aging procedure, in order to produce sharp cut surfaces.
The mechanical tests were performed at a cross-head speed of 0.5 mm/s, allowing
detailed observation of crack tip opening. The testing temperature was controlled
using an environmental chamber (Instron) with a glass window using evaporating
liquid nitrogen and was set at 10 ∘C. Optical snapshots at a frequency of 10 Hz were
taken during testing using an Optomotive Velociraptor camera in order to observe
crack opening and propagation. The camera was placed on a vibration damping
tripod at ≈ 50 cm of distance from the sample.
The fracture properties were determined using the J-integral analysis method, as
described elsewhere [12, 15, 21]. Critical fracture resistance values, 𝐽ፂ were calcu-
lated as:

𝐽፜ [ 𝑘𝐽
𝑚ኼ ] = 𝜂𝑈፜

𝑏(𝑤 − 𝑎) |
፮ᑔ

(4.1)

where 𝑈ፂ is the energy calculated as the area under the Load-Displacement curves
at the terminal displacement 𝑢፜ when the samples fail, 𝜂 is the proportionality factor
(a value of 0.9 was selected according to literature [21]); 𝑏, 𝑤, 𝑎 are the sample
thickness, sample width and pre-crack length respectively.
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Preparation of healed specimens
Specimens for healing experiments were taken from pre-notched 70 x 20 mm sam-
ples used for SENT testing. The samples were completely fractured following a
trajectory extending the pre-notch path, perpendicularly to the longest edge of the
rectangular specimen. The fractured samples were immediately positioned in a
PTFE mold and healed using a recirculating furnace for ≈ 3.6 x 103 s (1 hour), 8.64
x 104 s (1 day) and 1.2 x 106 (2 weeks) at 30 ∘C. During the healing procedure the
actual pre-notch area was prevented to heal by placing a thin PTFE foil in between
the broken surfaces, to avoid cross interface contact being re-established.
The healed samples were mechanically tested following the SENT procedure de-
scribed in the experimental section to obtain a value for the critical fracture resis-
tance after healing 𝐽።፧፭፞፫፟ፚ፜።ፚ፥

ፂ .

Thermal Analyses
Thermal properties were determined by thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC). TGA analyses were performed from room tem-
perature to 600 ∘C, under dry nitrogen atmosphere at 10 ∘C/min heating rate using
a Perkin Elmer TGA 4000. DSC measurements were performed under dry nitrogen
atmosphere at 10 ∘C/min heating and cooling rates over the range from -40 ∘C to
200 ∘C using a Perkin Elmer Pyris Sapphire DSC. The glass transition temperature
(𝑇፠) was determined using the inflection point method.
Table 4.1 reports the results of TGA analyses and the DSC-𝑇፠ (glass transition).
All polymers reported a high thermal stability (5% weight loss at T > 350 ∘C).
All systems showed a single endothermic transition in the DSC curve located be-
tween -5 and 10 ∘C which is attributed to the main chain segmental mobility. The
relatively low content of EHD monomer feed is responsible for the absence of a
high temperature first order thermal transition, generally attributed to the melting
of the hard segment (chain extender + isocyanate) [22, 23].

Attenuated total reflectance infrared spectroscopy (ATR-FTIR)
Attenuated total reflectance Fourier transform infrared spectroscopy was used to
follow synthesis completion and to study the state of hydrogen bonding in the pro-
posed segmented polyurethanes. Each reported ATR-FTIR spectrum is the average
of 32 scans over the wavenumber region 4000 – 500 cmዅኻ with resolution of 1
cmዅኻ. All the spectra are available in Figure S1.

Micro-attenuated total reflectance FTIR (µATR-FTIR)
µATR-FTIR spectra were recorded using a Perkin Elmer Spotlight 200i FTIR micro-
scope system. A diamond ATR crystal was utilized. The spectra were collected with
a 4 cmዅኻ spectral resolution and 16 accumulations, scanning an area of 300 to 500
µmኼ, in the wavenumber region 4000 – 750 cmዅኻ. The analysis was performed at
a constant contact pressure between the ATR crystal and the sample. The spectral
density was set at 1.56 µm allowing the imaging of µ-size network heterogeneities.
Principal component analysis (PCA) was applied to identify spectral heterogeneities.
The PCA is based on the generation of 8 principal spectral scores. The analysis was
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Table 4.1: Thermal analyses results. The increase in the aromatic character of the diisocyanate
monomer provokes an increase in thermal stability and retards main chain segmental mobility.

Polymer TGA-5% weigth loss DSC-𝑇፠
MDI-p 353 5.2
PPDI-p 361 10.0
HMDI-p 353 -5.5
HDI-p 344 0.4

performed using the built-in function of the ImageSpectra software (Perkin Elmer).

4.3. Results and Discussion
4.3.1. Deconvolution protocol to unveil individual relaxations

and related work of deformation
The first step to establish the relationship between the dynamics and energy stor-
age of individual relaxation processes and the interfacial healing fracture resistance
is the application of the deconvolution protocol to the mechanical relaxation spec-
trum following previous reports [14].
The resulting deconvoluted 𝐻(𝑡) with identified individual time constants are shown
in Figure 4.2 for the aromatic-based polyurethanes (MDI-p and PPDI-P) and in
Figure 4.3 for the aliphatic-based polyurethanes (HDMI-p, HDI-p). Starting from
a known polymer architecture the method allows to assign a physical meaning to
the relaxation mechanisms identified through the deconvolution. Figure 4.2A shows
that five dominant relaxation mechanisms are obtained for MDI-p. Polyurethanes
synthesized from a mixture of a high molecular weight diol (polyol), a low molecular
weight diol (chain extender) and a diisocyanate may present a segmented structure.
The segmented structure is physically described as hard phase regions, enriched
with chain extender + diisocyanate segments, intercalated in a soft matrix, enriched
of polyol + diisocyanate segments [24, 25]. The phase separated architecture is
responsible for the elastomeric properties of this class of material, where the hard
phase works as stable physical crosslinks of the polymer network (this systems are
known as thermoplastic polyurethanes TPUs). These preliminary considerations
are essential to infer the physical meaning of the five relaxation mechanisms de-
convoluted for MDI-p. The first dynamic event (𝑅ኻ) is associated to main chain
segmental motion occurring in the soft matrix of the segmented polyurethane mi-
crostructure. As inferred from the molecular structure of this system, reversible
bonds (hydrogen bonding and aromatic π-π stacking) are present in the soft phase.
They are responsible of the second relaxation event (𝑅ኼ). The transition part of
the spectrum (103 s < 𝜏 < 105 s) is dominated by relaxation of the hard blocks
dispersed in the segmented microstructure. Hard blocks segmental motion (𝑅ኽ)
is followed by hydrogen bonds and aromatic π-π stacking relaxations (𝑅ኾ). Ther-
moplastic elastomers present a strong but transient crosslinked network, therefore
terminal relaxation can be observed but is very sluggish (𝑅኿). The elastomeric
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nature of MDI-p is confirmed by its mechanical behaviour, tested by SENT in the
pristine state and shown as auxiliary data in Figure 4.2A. Analogous arguments
follow the deconvolution of PPDI-p (Figure 4.2B) which shows five dominant re-
laxation mechanisms and mechanical features typical of a thermoplastic elastomer.
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Figure 4.2: Deconvoluted relaxation spectra, mastercurve reconstruction and SENT load-
displacement data of MDI-p and PPDI-p. (A) MDI-p. (B) PPDI-p. For both polymers the method
identifies five dominant relaxation mechanisms. ፑᎳ = soft phase segmental mobility. ፑᎴ = soft phase
reversible bonds disjunction. ፑᎵ = hard phase segmental mobility. ፑᎶ = hard phase reversible bonds
disjunction. ፑᎷ = terminal relaxation. Mechanical properties are typical of thermoplastic elastomers.
The mastercurves are shifted at the reference temperature ፓᑉ = 30 .
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Figure 4.3: Deconvoluted relaxation spectra, mastercurve reconstruction and SENT results
of HMDI-p and HDI-p. (A) HMDI-p. The deconvolution method identifies three dominant relaxation
mechanisms. ፑᎳ = main chain segmental mobility. ፑᎴ = reversible bonds disjunction. ፑᎵ = terminal
relaxation. (B) HDI-p. The deconvolution method identifies three dominant relaxation mechanisms.
ፑᎳ = main chain segmental mobility. ፑᎴ and ፑᎵ = reversible bonds disjunction and quasi-crystalline
melting. ፑᎶ = terminal relaxation. The mechanical properties are typical of thermoplastic polymers.
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The deconvolution procedure applied to HMDI-p results in a radically different out-
come (Figure 4.3A). In this case only three main relaxation mechanisms can be
identified with a complete disappearance of the wide transient region previously
observed for MDI-p and PPDI-p. The deconvolution spectrum resembles the one of
lightly crosslinked systems reported elsewhere [14]. The first dynamic process is at-
tributed to main chain segmental motion (𝑅ኻ), followed by a temporary restriction of
mobility associated to entanglements and/or physical interactions (𝑅ኼ) (e.g. hydro-
gen bonds) and rapid terminal relaxation (𝑅ኽ). The absence of segmented structure
and rubbery elasticity for HMDI-p is confirmed from static mechanical properties
(auxiliary data in Figure 4.3A). Moreover, extensional DMA data for HMDI-p (Figure
S4) show a complete absence of the rubbery plateau and terminal flow occurring at
≈ 60 ∘C, a typical feature of linear unentangled/lightly entangled networks [9, 26].
A similar description applies to the deconvolution of HDI-p, for which an optimal fit
is found when assuming four relaxation mechanisms (Figure 4.3B). The additional
relaxation mechanism located in the transient regime is related to the stacking of
highly linear and symmetric HDI segments that determines crystalline-like ordered
structures [27]. Nevertheless in analogy with HMDI-p, because of no aromatic en-
tities being present there is no segmented microstructure. In parallel with HMDI-p,
the mechanical SENT data of the pristine HDI-p sample shows the typical behaviour
of linear networks and appearance of terminal flow in DMA analysis at about ≈ 100
∘C (Figure S5).
Table 4.2 shows the quantitative data extracted from the deconvolution protocol in
terms of kinetics of the relaxation transition (𝜏) and stored work of deformation (𝑊).
The information regarding the physical nature of the individual relaxation mecha-
nisms is conveyed through the parameters subscript and superscript: 𝑊፬፞፠

፬፩ (soft
phase segmental mobility) 𝑊፫፞፯

፬፩ (soft phase reversible bonds) 𝑊፬፞፠
፡፩ (hard phase

segmental mobility) 𝑊፫፞፯
፡፩ (hard phase reversible bonds) 𝑊፭ (terminal relaxation).

𝑊።፧፭፞፫፟ፚ፜።ፚ፥ corresponds to the sum of all the works of deformation associated to
reversible ligands relaxation (𝑊።፧፭፞፫፟ፚ፜።ፚ፥ = 𝑊፫፞፯

፬፩ + 𝑊፫፞፯
፡፩ ). This choice is based on

the assumption that segmental motion/short range conformational re-arrangements
do not contribute to the reconstruction of the broken interface. MDI-p and PPDI-p
present comparable soft and hard segmental relaxation timescales. The slightly
lower values for the kinetic parameters of PPDI-p are attributed to the higher rigid-
ity and symmetry of the PPDI diisocyanate monomer when compared to MDI. The
work of deformation related to reversible bonds in the soft phase (𝑊፫፞፯

፬፩ ) is higher
for PPDI-p. Such an increase can be explained considering the rigid segment de-
sign and in particular to the reduced periodic distance among reversible bonding
moieties (aromatic units and urethane linkages).
Beyond the reduced number of relaxation mechanisms obtained by the deconvolu-
tion process, HMDI-p deviates from MDI-p and PPDI-p in its rapid terminal relaxation
kinetics (𝜏፭ ≅ 1 s) and the reduced interfacial work of deformation (𝑊።፧፭፞፫፟ፚ፜።ፚ፥), an
expected result when considering the absence of π-π stacking interactions among
aromatics and therefore the formation of a weaker transient network. For the sec-
ond aliphatic polyurethane (HDI-p), as qualitatively discussed in the previous para-
graph, the slower terminal relaxation (𝜏፭ ≅ 103 s) when compared to HMDI-p is
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Table 4.2: Time constants and work of deformations associated to individual relaxation
mechanisms.

Polymer 𝜏፬፞፠
፬፩ 𝜏፫፞፯

፬፩ 𝜏፬፞፠
፡፩ 𝜏፫፞፯

፡፩ 𝜏፭
(s) (s) (s) (s) (s)

MDI-p 6.2 1.1 0.1 1.0 1.3
e-05 e-05 e+03 e+05

PPDI-p 1.1 1.0 1.0 0.3 3.1
e-05 e-04 e+03 e+04

HMDI-p 2.3 1.0 - - 0.92
e-05 e-03

HDI-p 1.0 1.0 - 0.10 1.0
e-06 e-04 e+03

Polymer 𝑊፬፞፠
፬፩ 𝑊፫፞፯

፬፩ 𝑊፬፞፠
፡፩ 𝑊፫፞፯

፡፩ 𝑊፭ 𝑊።፧፭፞፫፟ፚ፜።ፚ፥
(kJ/mኽ) (kJ/mኽ) (kJ/mኽ) (kJ/mኽ) (kJ/mኽ) (kJ/mኽ)
x 10ዅኻ x 10ዅኻ x 10ዅኻ x 10ዅኻ x 10ዅኻ x 10ዅኻ

MDI-p 579 120 6.9 12.9 3.4 132.9
PPDI-p 481 407 25.1 6.5 11.8 413.5
HMDI-p 512 73.1 - - 19.5 73.1
HDI-p 356 23.6 - 12.2 15 35.8

attributed to HDI monomer stacking and the strong chemical compatibility between
HDI monomer and the CroHeal 2000 segment, which yields a denser transient net-
work (higher chain packing and friction). Nevertheless, the two aliphatic systems
maintain comparable levels of 𝑊።፧፭፞፫፟ፚ፜።ፚ፥ indicating that the physically crosslinked
networks constituted by fully aliphatic chains are able to store similar amount of
energy related to reversible interactions.

The effect of the diisocyanate chemistry on the macromolecular segmentation in
turn responsible for microphase separation in polyurethanes was further investi-
gated by dedicated µATR-FTIR analysis. Figure 4.4 reports the infrared spec-
tra maps obtained upon application of principal component analysis of the four
polyurethanes. The aromatic-based polyurethanes (MDI-p and PPDI-p) show a
continuous phase (reported in grey color) intercalated by a micron-sized dispersed
phase (yellow color). The aliphatic and linear polyurethane (HDI-p) presents a ho-
mogeneous microstructure (no dispersed phase is probed), while HMDI-p shows
some phase separation, yet to a lower extent and smaller dimension than in the
case of MDI-p and PPDI-p. The analysis of the infrared spectra traces corresponding
to the continuous (points numbered as ‘1’ in Figure 4.4) and the dispersed phases
(points numbered as ‘2’ in Figure 4.4) gives insights into the molecular differences
between the two probed regions. All shifts and intensity variations point towards
a microstructure composed of a soft continuous phase (enriched in CroHeal 2000
+ MDI segments) and hard and urea-rich heterogeneities (enriched in EHD + MDI
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segments). For MDI-p the carbonyl band (C=O) probed for the continuous phase at
1695 cmዅኻ shifts to 1643 cmዅኻ due to increase in bidentate urea ligands and aro-
matic conjugation [28]. The N-H band located at 3324 cmዅኻ broadens and shifts to
3274 cmዅኻ indicating a stronger hydrogen bonding state. The aliphatic C-H bands
at 2852 and 2919 cmዅኻ undergo a strong decrease in intensity due to the scarcity
of highly aliphatic branch in the hard heterogeneities. The C-O-C stretch peak loses
intensity and shifts from 1220 cmዅኻ to 1234 cmዅኻ as result of loss of urethane
linkages in favor of formation of urea units. The C-H stretch in the aromatic rings
clearly visible for the soft phase at 1600 cmዅኻ, only appears as a shoulder of the
intense and broader main carbonyl peak in the hard phase spectrum. For HDI-p no
substantial shift is observed when scanning through the probed infrared map. Only
a slight shoulder of the carbonyl C=O peak located at 1680 cmዅኻ appears at about
1630 cmዅኻ as a sign of a possible increase in the hydrogen bonding strength in the
small (size < 2 µm) yellow-grey regions. HMDI-p presents similar spectral feature
when compared to MDI-p and PPDI-p, yet the band associated to the C-O-C stretch
at 1253 cmዅኻ does not undergo any shift nor decrease in intensity suggesting a
minimal difference in the urethane linkages content. The higher content in biden-
tate urea and the stronger hydrogen bonded state of the segregated phase might
be responsible for a slower molecular reorganization which, in turn, determines a
local higher 𝑇፠ [29].

4.3.2. Interfacial work of deformation relation to early-stage
healing fracture resistance

The deconvolution results were not only used to obtain information on the physical
state of the network. Starting from the hypothesis that interfacial healing is gov-
erned by the reconstruction of reversible bonds at the broken interface and using
SENT data collected for all the polymers in the early stage of healing, we explore the
existence of a relationship between the interfacial work of deformation (obtained
by melt rheology) and fracture resistance (a mechanical measure of interfacial heal-
ing obtained by SENT analysis). All the mechanical raw data and optical snapshots
used for fracture resistance calculation are reported in the Supplementary Material
(Figure S6 MDI-p, Figure S7 PPDI-p, Figure S8 HDMI-p, Figure S9 HDI-p). Figure
4.5 displays the relation between the calculated interfacial work of deformation
(𝑊።፧፭፞፫፟ፚ፜።ፚ፥) from rheology and 𝐽።፧፭፞፫፟ፚ፜።ፚ፥

ፂ from the SENT tests of the polymers
healed for 3.6 x 103 s (1 hour) at 30 ∘C. A closer look to the data (Table 4.2) re-
veals that higher 𝑊።፧፭፞፫፟ፚ፜።ፚ፥ of the PPDI-p and MDI-p samples is mainly related to
the higher work of deformation assigned to the relaxation of the reversible ligands
(concurrent relaxation of hydrogen bonds and aromatics) in the soft phase (𝑊፫፞፯

፬፩ ).
Since the soft phase undergoes fast conformational re-arrangements, its reversible
bonds reshuffling are expected to be the main contributors to the reconstruction
of the broken interface at short healing times [10, 11, 30]. In this framework the
use of the deconvolution protocol offers a critical advance to the understanding
and optimization of interfacial healing, since its results are successfully sensitive to
the incorporation of multiple reversible ligands, their symmetry and their energetic
contribution to the reconstruction of the broken interface.
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Figure 4.4: µATR-FTIR mapping of self-healing polyurethane elastomers. Principal component
analysis reveals a phase separated microstructure consisting in a continuous matrix (grey color) interca-
lated by heterogeneities (yellow color). Right figures show the local IR spectra of locations 1 (continuos
phase) and 2 (heterogeneities).
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Quantitatively, for short healing times (3600 seconds at 30 ∘C), both the aliphatic
systems (HMDI-p and HDI-p) show a virtual absence of tensile fracture resistance
(𝐽።፧፭፞፫፟ፚ፜።ፚ፥

ፂ HMDI-p = 0.18 kJ/mኼ, 𝐽።፧፭፞፫፟ፚ፜።ፚ፥
ፂ HDI-p = 0.03 kJ/mኼ), as can be

easily inferred from optical snapshots acquired during SENT testing (Figure S8 and
Figure S9). In this sense the data provided by macro-rheology seems to point to the
existence of a limiting 𝑊።፧፭፞፫፟ፚ፜።ፚ፥ that must be surpassed to get sufficient recov-
ery of fracture resistance upon interfacial healing. However, more systems, ideally
incorporating different types and numbers of reversible ligands, should be tested in
a wide range of 𝑊።፧፭፞፫፟ፚ፜።ፚ፥ to confirm and locate the presence of such threshold.

Figure 4.5: Comparison between interfacial healing fracture resistance and interfacial work
of deformation as obtained by macro-rheology. While qualitatively an increase in ፖᑚᑟᑥᑖᑣᑗᑒᑔᑚᑒᑝ
corresponds to higher ፉᑚᑟᑥᑖᑣᑗᑒᑔᑚᑒᑝ

ᐺ , from a quantitative point of view the work of deformation does not
capture the dramatic drop of fracture resistance for the aliphatic polyurethanes (HDI-p, HMDI-p). HDI-p
point data does not include error bars due to immediate breakage of the samples tested upon application
of the minimal sample alignment load of 3N.

Another possible explanation to absence of fracture resistance for HMDI-p and HDI-
p at the early stage of healing can be found in the characteristics of the different
polyurethanes microstructures. The aromatic polymers present a segmented mi-
crostructure and, as probed by µFTIR-ATR, show some high 𝑇፠ segregated het-
erogeneities at the microscale (Figure 4.4 and Table S1). The high 𝑇፠ of these
segregates implies, locally, a much slower reorganization and an improved direc-
tionality of the reversible ligands. This effect, when occurring at a damage site,
leads to a more efficient interfacial re-bonding/healing. The lack of such structures
in the aliphatic polymers causes a dramatic drop of 𝐽።፧፭፞፫፟ፚ፜።ፚ፥

ፂ . In a recent work
Yang et al. [31] show similar beneficial effects of micro-segregated structures on
scratch-healing behavior of PU coatings, attributing the healing enhancement to
a more efficient entropic energy storage during local deformation. Furthermore,
Chen et al. [10] have shown that a multiphase microstructure in self-healing ther-
moplastic elastomers is crucial to the re-arrangement of the polymer soft phase
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leading to high healing.
Long range dynamics is expected to determine interphase randomisation and to
lead the system to higher degree of property restoration at longer healing times.
The deconvolution procedure provides kinetics of terminal relaxation in the range
𝜏፭ = 100 to 103 s for HDI-p and HMDI-p and very sluggish terminal flow for MDI-p
and PPDI-p (𝜏፭ > 105 s). Figure 4.6 shows a quantitative impression of the ef-
fect of long term healing on the polyurethane systems used for this study. The
aliphatic polymers show a significant recovery of fracture resistance going from
being virtually absent for short healing times (3.6 x 103 seconds) to a moder-
ate mechanical stability at longer healing times (after 106 seconds 𝐽ፂ HMDI-p =
11.4 kJ/mኼ, 𝐽ፂ HDI-p = 1.8 kJ/mኼ). An immediate feedback regarding the in-
crease in fracture properties when going from short to longer healing times can
be obtained when looking at the optical snapshots acquired during SENT testing
and used for 𝐽ፂ calculation (Figure S8 and Figure S9), in which a higher deforma-
tion can be seen before fracture at the healed interface. Moreover, in accordance
with kinetics predictions obtained by rheology deconvolution, MDI-p and PPDI-p
do not show any significant improvement in the fracture resistance which remains
virtually constant over long holding times at the healing temperature of 30 ∘C.

Figure 4.6: Long range dynamics effect on fracture resistance recovery. In accordance with time
constants obtained from deconvolution, the beneficial effect of long range dynamics is only observed
for aliphatic polyurethanes (HDI-p, HMDI-p). Healing temperature is 30 ∘C.

4.4. Conclusions
In this work we demonstrate that the intelligent use of macro-rheology data can pro-
vide semi-quantitative information on the degree of interfacial healing in polymers.
In this framework, we apply a deconvolution protocol of the mechanical relaxation
spectrum derived from macro-rheology to a set of self-healing polyurethanes and
explore the relation between the derived stored work of deformation and the de-
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gree of mechanical restoration in the early stage of polymer healing.
The deconvolution protocol is found to be sensitive to the variations in the polymer
architecture and in particular to the addition of multiple reversible ligands, to the
symmetry of the rigid backbone segments and to their individual energetic contri-
bution to the relaxation process.
The work of deformation associated to the disjunction of reversible moieties reflects
in a semi-quantitative way the recovery of fracture resistance in the early stage of
healing. It results higher for polymers endowed of multiple reversible ligands that
coherently show a higher degree of mechanical restoration. The results points at
the existence of a so far unidentified threshold of interfacial work of deformation
marking the transition between healing (i.e. sufficient reversible bonds at interface
to transfer load along the fracture plane) and no healing. Furthermore, the time
constants capture the kinetics of the entire healing process, predicting the access
to long range motion for less physically crosslinked systems.
These insights on the relation between polymer structure, rheology and interfacial
healing benefit the design of novel systems showing high mechanical restoration in
the early stage of healing.

4.5. Supporting Information
Synthesis of self-healing segmented polyurethanes
PPDI-p. CroHeal 2000 was heated for 1 hour at 90 ∘C to reduce the intrinsic viscos-
ity of the monomer, melting crystalline domains. Subsequently 90.0 grams (45.0
mmol) were transferred to a 300 mL polypropylene cup. 3.19 g of EHD (27.0 mmol)
were then added to the cup. 12.68 g (79.20 mmol) of PPDI were weighted in a
separate 25 mL polypropylene cup, purged under nitrogen inert environment and
heated 1 hour at 120∘C to reduce its intrinsic viscosity, melting crystalline domain.
The PPDI was rapidly poured into the main reaction cup (containing CroHeal 2000
and EHD). The mixture was sheared under vacuum at 2300 rpm for 130 seconds
using a vacuum assisted speed mixer (SpeedMixerTM DAC 400.2 VAC-P). The ap-
plication of high vacuum (pressure below 100 mbar) turned out to be critical for the
formation of bubble-free polymers. The mixture was then transferred to a 20x20
cm PTFE mold, equilibrated for 30 minutes at ambient conditions and subsequently
cured overnight at 60 ∘C. The bulk polymers were equilibrated for 1 week at ambi-
ent condition before testing.
HMDI-p. CroHeal 2000 was heated for 1 hour at 90 ∘C to reduce the intrinsic viscos-
ity of the monomer, melting crystalline domains. Subsequently 90.0 grams (45.0
mmol) were transferred to a 300 mL polypropylene cup. 3.95 g of EHD (27.0 mmol)
were then added to the cup. 20.78 g (79.20 mmol) of HMDI were weighted in a
separate 25 mL polypropylene cup and purged under nitrogen inert environment.
The HMDI was injected into the main reaction cup (containing CroHeal 2000 and
EHD) using a syringe. The mixture was sheared under vacuum at 2300 rpm for 180
seconds using a vacuum assisted speed mixer (SpeedMixerTM DAC 400.2 VAC-P).
The application of high vacuum (pressure below 100 mbar) turned out to be crit-
ical for the formation of bubble-free polymers. The mixture was then transferred
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to a 20x20 cm PTFE mold, equilibrated for 30 minutes at ambient conditions and
subsequently cured overnight at 50 ∘C. The bulk polymers were equilibrated for 1
week at ambient condition before testing.
HDI-p. CroHeal 2000 was heated for 1 hour at 90 ∘C to reduce the intrinsic viscos-
ity of the monomer, melting crystalline domains. Subsequently 90.0 grams (45.0
mmol) were transferred to a 300 mL polypropylene cup. 3.95 g of EHD (27.0 mmol)
were then added to the cup. 13.32 g (79.20 mmol) of HDI were weighted in a sep-
arate 25 mL polypropylene cup and purged under nitrogen inert environment. The
HDI was injected into the main reaction cup (containing CroHeal 2000 and EHD)
using a syringe. The mixture was sheared under vacuum at 2300 rpm for 180
seconds using a vacuum assisted speed mixer (SpeedMixerTM DAC 400.2 VAC-P).
The application of high vacuum (pressure below 100 mbar) turned out to be crit-
ical for the formation of bubble-free polymers. The mixture was then transferred
to a 20x20 cm PTFE mold, equilibrated for 30 minutes at ambient conditions and
subsequently cured overnight at 60 ∘C. The bulk polymers were equilibrated for 1
week at ambient condition before testing.
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ATR-FTIR
Figure S1. ATR-FTIR spectra of the synthesized PU. Synthesis completion
was followed through disappearance of N=C=O stretching band at 2270 cmዅኻ and
appearance of absorption peaks at 1170 cmዅኻ (C=O bond) and 2270 cmዅኻ (N-H
bond). A small peak of unreacted isocyanate is observed for HMDI-p attributed to
the monomer low reactivity.
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Macro-rheology deconvolution protocol
The mechanical relaxation spectrum was deconvoluted following the procedure in-
troduced elsewhere [14]. Herein we reports some principal highlights and the pro-
cedure to compute the average stored work of deformation associated to individual
relaxation process.
To fit the relaxation spectrum the infinite Maxwell-Weichert model was chosen:

𝐻ፌ፨፝፞፥(ln 𝜏) =
፧

∑
።዆ኻ

𝐴። exp(− ((ln(𝜏) − ln(�̃�።))ኼ

2𝜎ኼ
።

)

The model entails an infinite number of Maxwell elements (a compliance and a
dashpot in series) connected in parallel. The choice of this model allows us to ap-
proach the problem in the most general and unbiased way.
The experimental 𝐻(𝜏)𝑒𝑥𝑝. is fitted with a user-defined initial number of relaxation
elements 𝑖. the optimal number of Maxwell elements and the set of best fitting
parameter values is identified based on the minimization of the coefficient of de-
termination (𝑟ኼ) obtained by comparing the model storage and loss moduli with
experimental moduli. The model storage and loss moduli are calculated as:

𝐺ᖤ (𝜔) = ∫
ጼ

ዅጼ

𝐻 ln (𝜏)𝜔ኼ𝜏ኼ

1 + 𝜔ኼ𝜏ኼ 𝑑 ln 𝜏

𝐺ᖤ (𝜔) = ∫
ጼ

ዅጼ

𝐻 ln (𝜏)𝜔𝜏
1 + 𝜔ኼ𝜏ኼ 𝑑 ln 𝜏

The average stored work of deformation is defined as in ref. [32]:

𝑊፬(𝜔)ፚ፯፞፫ፚ፠፞ = ( 𝜔
2𝜋 ) ∫

Ꮄᒕᑟ
ᒞ

Ꮄᒕ(ᑟᎽᎳ)
ᒞ

𝑊፬(𝑡)𝑑𝑡 = (𝜖ኼ
ኺ/4)𝐺ᖤ (𝜔)

Substituting the expression of 𝐺ᖤ (𝜔)

𝑊፬(𝜔)ፚ፯፞፫ፚ፠፞ = (𝜖ኼ
ኺ/4) ∫

ጼ

ዅጼ

𝐻 ln (𝜏)𝜔ኼ𝜏ኼ

1 + 𝜔ኼ𝜏ኼ 𝑑 ln 𝜏

The individual stored work of deformation are then obtained substituting in this
relation the single components of the deconvoluted relaxation spectrum.
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Extensional DMA data

Figure S2. MDI-p Temperature Sweep.

Figure S3. PPDI-p Temperature Sweep.

Figure S4. HMDI-p Temperature Sweep.
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Figure S5. HDI-p Temperature Sweep.



4

118

4. Linking interfacial work of deformation from deconvoluted
macro-rheological spectrum to early stage healing in selected

polyurethanes

SENT raw data

Figure S6. MDI-p SENT raw data. The figure shows the initial and final frames of
the mechanical test and the load-displacement curve. From up to down: Pristine,
Healing 3.6 x 103 s (1 hour) at 30 ∘C, Healing 8.64 x 104 s (1 day) at 30 ∘C, Healing
1.2 x 106 (2 weeks) at 30 ∘C.



4.5. Supporting Information

4

119

Figure S7. PPDI-p SENT raw data. The figure shows the initial and final frames
of the mechanical test and the load-displacement curve. From up to down: Pristine,
Healing 3.6 x 103 s (1 hour) at 30 ∘C, Healing 8.64 x 104 s (1 day) at 30 ∘C, Healing
1.2 x 106 (2 weeks) at 30 ∘C.
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Figure S8. HMDI-p SENT raw data. The figure shows the initial and final frames
of the mechanical test and the load-displacement curve. From up to down: Pristine,
Healing 3.6 x 103 s (1 hour) at 30 ∘C, Healing 8.64 x 104 s (1 day) at 30 ∘C, Healing
1.2 x 106 (2 weeks) at 30 ∘C.
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Figure S9. HDI-p SENT raw data. The figure shows the initial and final frames of
the mechanical test and the load-displacement curve. From up to down: Pristine,
Healing 3.6 x 103 s (1 hour) at 30 ∘C, Healing 8.64 x 104 s (1 day) at 30 ∘C, Healing
1.2 x 106 (2 weeks) at 30 ∘C.
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Table S1. Amount of microscopic segregated phase for PU systems. The
segregated phase content is quantified by µFTIR-ATR via principal component
analysis.
Polymer Segregated Phase

(PCA%)
MDI-p 10.1±1.6
PPDI-p 6.1±1.3
HMDI-p <1
HDI-p <1
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5
Scratch closure in

thermoplastic polyurethanes:
an energetic analysis

Odio gli indifferenti.
Credo che vivere voglia dire partecipare.

Chi vive veramente non può non essere cittadino partecipe.
L’indifferenza è abulia, è parassitismo, è vigliaccheria, non è vita.

Perciò odio gli indifferenti.

Antonio Gramsci
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Abstract
Scratch closure in polymers requires an internally stored energy field acting
as the driving force to closure. In this work we apply the rubber elasticity
theory to quantify the stored and released entropic energy density during
damage-repair cycles and relate these quantities to the scratch closure ob-
served with microscopy.
To this aim we developed a set of five thermoplastic polyurethanes, with
equivalent backbones but different soft phase fraction contents. The storage
and release of energy is controlled by varying the scratch deformation and
healing temperatures in relation to the specific viscoelastic length of transi-
tion. The closure increases linearly with release entropy and can be related
to two characteristic design parameters of the network (junction density and
damping factor). In case a scratch is made such that it does not result in
storage of internal mechanical energy healing does not occur.
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5.1. Introduction
Environmental concerns related to material overconsumption and the ineffective
life cycle of commodity polymers are valuable drivers for the development of al-
ternative and sustainable solutions to current materials and design rules. Polymer
scientists are facing the issues in creative manners [1–3]. Among the various ap-
proaches, the development of so-called self-healing polymers might be a promising
route to extend the life-time of polymers [4–8]. Self-healing polymers rely on the
incorporation of a fraction of reversible bonds that allow the de-construction of
a broken interface, while permanent crosslinks, main chain entanglements or mi-
crophase separation ensure mechanical robustness and network integrity [9]. In
recent years the inclusion of multiple yet low energetic physical interactions (mainly
Van der Waals interactions and hydrogen bonds) has appeared as a clear direction
for the synthesis of self-healing commodity polymers requiring only minimal chem-
ical modifications, i.e. retaining their commodity character [10–13].
Recent studies have shown that self-healing polymer systems exhibit viscoelastic
length transitions (VLTs) near the glass transition (𝑇፠) [11, 14, 15] when deforming
and temperature cycling in dynamical mechanical analysis (DMA) tests. The test-
ing protocol macroscopically consists of imposing a set directional extension and
to monitor the fractional retraction, a feature typical of shape memory polymers
(SMPs). Mechanistically, the viscous component of the network is responsible for
the length extension while the retraction is an entropy-driven process provoked by
the storage and release of free conformational states. By quantifying the entropic
storage (∆𝑆ፒ) and entropic release (∆𝑆ፑ) at VLT a relative measurement of the
shape memory effect (SME) can be obtained. Previous studies have shown that,
for a given set of DMA testing condition (e.g. deformation amplitude, oscillation
frequency and heating rate) ∆𝑆ፒ increases linearly with the junction density (𝜈፣)
and the peak value of the damping factor (tan 𝛿፦ፚ፱) [14].
The combination of self-healing and shape memory effects is exploited in the so-
called shape memory assisted self-healing (SMASH) method to ease scratch closure.
In these systems the release of the conformational entropic energy stored during
the damage event is used to facilitate scratch closure while the dynamic nature of
reversible molecular moieties contributes to the interfacial re-bonding. Since many
systems satisfy these requirements several studies focused on this phenomenon
[16–19]. However, the quantitative aspects of entropy release and scratch clo-
sure displacement still remain unaddressed. This is critical for the future design
and optimisation of self-healing polymers with market potential. The current study
tests the hypothesis that different level of released entropy can be accessed by
controlling the damage and healing temperatures, which can be quantitatively as-
sessed in terms of the released entropy that contributes to the scratch closure.
Using this approach empirical relations between released entropy, junction density
and scratch closure displacement for thermoplastic polyurethanes with known and
variable healing kinetics can be developed. Since the closure mechanism is based
solely on the viscoelastic nature of the material, this concept can be extended to
other self-healing and/or shape memory polymers.
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5.2. Experimental Section
5.2.1. Materials
Butyl acetate (BuAc, >99.7%), 1,4-butanediol (BDO, 99%), isophorone diisocyanate
(IPDI, 98%), dibutyltin dilaurate (DBTDL, 95%) were purchased from Sigma-Aldrich.
Polyether siloxane copolymer wetting additive TEGO Wet 270 was purchased from
Evonik Industries. Polyol CroHealTM 1000 (equivalent molecular weight 1200 g/mol)
was kindly provided from Croda Nederland B.V. Sodium chloride was purchased
from VWR International. All the reagents were used as received without further
purification.

5.2.2. Synthesis of the TPUs and coating preparation
Five thermoplastic polyurethanes (TPUs) were synthesized by single shot technique
reacting CroHealTM 1000, IPDI and BDO. The compositions cover a broad range
theoretical soft phase molar fraction (𝜒ፒፅ) defined as:

𝜒ፒፅ = 𝑛(𝐶𝑟𝑜𝐻𝑒𝑎𝑙1000)
𝑛(𝐶𝑟𝑜𝐻𝑒𝑎𝑙1000) + 𝑛(𝐵𝐷𝑂)

Below the synthesis of the PU with 𝜒ፒፅ=0.42 is reported in details. Analogous
procedures were followed for the other polymers in this study. Details on their
synthesis are reported in the Supporting Information at Table S1.
CroHealTM 1000 was heated for 1 hour at 60 ∘C to reduce the intrinsic viscosity of the
monomer. Subsequently 6.0 grams (5.00 mmol) of CroHeal 1000 were transferred
to a 20 ml polypropylene cup. Butyl acetate solvent (BuAc, 0.6 g, 6.66 mmol)
was quickly added to further reduce the intrinsic viscosity. 0.6 g of 1,4-butanediol
were then transferred to the cup (BDO, 0.6 g, 6.66 mmol). Subsequently TEGO
270 (0.024 g) and dibutyltin dilaurate (DBDTL, 0.063 g, 0.1 mmol) were added
dropwise. Immediately thereafter, isophorone diisocyanates (IPDI, 2.82 g, 12.68
mmol) was injected. The system was stirred vigorously using a mechanical agitator
and the reaction proceeded for 15 seconds at room temperature. The mixture
was then applied on a acetone cleaned carbon automotive steel plate (Q-panel)
using a coating bar with a wet thickness of 150 µm. The coated panel was dried
for 30 minutes at ambient laboratory conditions and subsequently cured for 30
minutes at 60 ∘C in an air recirculating furnace. The polyurethane coatings were
then equilibrated for 1 week at ambient laboratory conditions prior to scratch and
corrosion resistance testing. For bulk characterization of the at the end of the
synthesis the polymer was transferred to a 4x4 PTFE mold, then equilibrated for
30 minutes in ambient condition and subsequently cured 30 minutes at 60 ∘C. The
bulk polymers were equilibrated for 1 week at ambient condition before testing
using TGA, DSC and DMA analysis. All the TPUs were synthesized following an
analogous procedure but varying the monomer feed ratio. Details are reported in
Table S1.

5.2.3. Characterisation methods
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Dynamical mechanical analysis
DMA analysis was performed on a Q800 DMA (TA Instrument) in strain control
mode. The initial gauge length was set to 10.0±0.1 mm, strain amplitude = 10
μm, force track = 125% and frequency set a 1 Hz, with heating rate = 2 ∘C/min
and frequency = 10 Hz. The samples have rectangular geometry, with average
width = 2.0 ± 0.05 mm and average thickness = 0.5 ± 0.1 mm. The test chamber
was cooled to the starting temperature (-50 ∘C) without applying any force on
the polymer specimen (floating condition) to ensure that any pre-deformation was
applied before the start of the experiment. DMA VLT values were calculated as
described by Hornat et al. [14], and are explained in details in the main text. Every
composition was tested three times. The VLT values used in this study are obtained
as the algebraic mean of the set of DMA tests.

Damage and healing conditions
In order to obtain comparable initial scratch damage and exclude any effect related
to the network dissipations on damage mechanics, the TPUs were damaged at the
temperature corresponding to a fixed strain of 𝜀 = 0.1% (𝑇። of Figure 5.1B), well
within the glassy regime. The temperature was controlled by using a Peltier TEC
Heating/Cooling Module, in cooling mode, varying the input voltage between 0.1
and 4 V. The damages of 5 mm in length were produced by using a razor blade
tip (width ≈ 100 µm) and a fixed axial force (𝐹ፍ = 1.8 N), causing the blade tip to
reach the metal substrate. The damages were subsequently subjected to isother-
mal healing at the temperature corresponding to the midpoint and the end point
of the strain-temperature VLT retraction (𝑇፦።፝ and 𝑇 ፧፝ዅ፩፨።፧፭ of Figure 5.1B) using
a Peltier TEC Heating/Cooling Module, in heating mode, varying the input voltage
between 0.5 and 4 V. The damages were healed for 60 seconds in accordance with
typical kinetics of the SME in polymers [17, 20]. The use of such a short healing time
excluded any effect of long-range polymer dynamics on scratch closure displace-
ment. The damage/healing protocol is linked to the DMA VLT protocol to access a
wide range of theoretical ∆𝑆ፑ which was calculated for every damage/healing con-
dition by using Equation 5.6. All scratching (𝑇።) and healing temperatures (𝑇፦።፝ and
𝑇 ፧፝ዅ፩፨።፧፭) used and the corresponding ∆𝑆ፑ values are reported in Table S3. The
formulations 𝜒ፒፅ = 0.71 and 𝜒ፒፅ = 0.51 were additionally tested at the temperature
reported in Table S4.
Engrave damages of 5 millimeters in length were produced using a mechanical en-
graver equipped with AC125-BAL-PRO-.002 Carbide Profiler for Engraving with a 15
degrees tip (tip width size of 0.002 inches ≈ 50 µm).

Optical microscopy
High resolution optical micrographs of damaged and healing coatings were acquired
using a Keyence VHX-2000 digital microscope with optical magnification in the range
20X to 1000X.

Calculation of scratch closure displacement
The scratch closure displacement (𝛿ፂፋፎፒፔፑፄ) was estimated as:

𝛿ፂፋፎፒፔፑፄ = 𝑊። − 𝑊
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where 𝑊። and 𝑊 are the damage width measured at the polymer-air interface
respectively before (𝑊።) and after (𝑊 ) the isothermal healing treatment. Every
closure experiment was repeated three times to ensure data statistics. 𝑊። and
𝑊 were estimated from high resolution optical micrographs, using the ImageJ
software.

5.3. Results and Discussion
5.3.1. Network architecture influence on shape memory VLTs
To set the stage, we illustrate the network morphology of the thermoplastic polyurethanes
(TPU) used for this study in Figure 5.1A and analyse the classical dependence of
the measured strain (𝜀) on temperature during an extensional dynamical mechani-
cal analysis (Figure 5.1B). Soft segments segmental mobility is responsible for the
increase of dissipation at low temperature (vitrification 𝑇፠) while the hard blocks
act as semi-permanent netpoints guaranteeing network integrity upon large strain
deformation. As result, shape memory viscoelastic length transitions (VLTs) are
observed near 𝑇፠. The initial length extension is attributed to decoiling of the soft
segments (Step I). The subsequent length retraction is an effect of the release
of entropic energy density (∆𝑆ፑ) which is accumulated due to the mobility restric-
tions imposed by soft segment H-bonding and soft segment chain entanglements
(Step II). The following slow extension is attributed to delayed decoiling of hard
blocks (Step III). Starting from extensional dynamical mechanical analysis, a sim-
ilar description of network dynamics was attributed to shape memory TPU having
an amorphous soft phase [21].

As derived from thermodynamics and rubber elasticity theory [22, 23] the decrease
in conformational entropy occurring at VLTs[14] can be estimated as

∆𝑆 = −
𝜈፣𝑅

2 [𝛼ኼ + 2
𝛼 − 3] (5.1)

where 𝛼 is the extension ratio (𝛼 = ፋ
ፋᎲ

, an observable of the DMA measurements),

𝜈፣ is the junction density (𝜈፣ = ᎞
ፌᑛ

, where 𝑀፣ is the apparent molecular weight

between entanglements and is the characteristic design parameter of the network),
and 𝑅 is the universal gas constant. The entropic energy storage generates a
retractive force (𝐹ፑ) expressed as

𝐹ፑ
𝐴 = 𝜎ፑ = 𝜈፣𝑅𝑇[𝛼 − 1

𝛼ኼ ] (5.2)

where 𝑇 is temperature, A is the cross-section area and 𝜎ፑ is the corresponding
retractive stress. Following the analytical relationships derived through the rubbery
elasticity theory, an experimental protocol [14, 15] that consists in the performance
of a single DMA experiment, was used to quantify the stored (∆𝑆ፒ) and released
(∆𝑆ፑ) entropy density at the viscoelastic length of transition. The entropy is stored
during the length extension observed during the DMA analysis (Step I of Figure
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5.1B). As derived from classical thermodynamics:

∆𝑆ፒ = −𝑇᎒ፈ𝑆᎒ፈ + 𝑇።𝑆። (5.3)

By coupling Equation 5.3 and Equation 5.1 it follows that:

∆𝑆ፒ =
𝑅𝜈፣𝑇᎒ፈ

2 (𝛼ኼ
ፈ + 2

𝛼ፈ
− 3) −

𝑅𝜈፣𝑇።
2 (𝛼ኼ

። + 2
𝛼።

− 3) (5.4)

where 𝛼ፈ = ፋᑀ
ፋᑘᑝᑒᑤᑤ

is the ratio between the length of the DMA tested sample at any

point during extension (𝐿ፈ) and its length well within the glassy regime (𝐿፠፥ፚ፬፬).
𝛼። = ፋᑘᑝᑒᑤᑤ

ፋᑘᑝᑒᑤᑤ
= 1. The stored entropy reaches a maximum when 𝐿ፈ = 𝐿max, in

correspondence of the maximum elongation (𝜀max of Figure 5.1B):

∆𝑆max
ፒ =

𝑅𝜈፣𝑇᎒max

2 (𝛼ኼ
max + 2

𝛼max
− 3) −

𝑅𝜈፣𝑇።
2 (𝛼ኼ

። + 2
𝛼።

− 3) (5.5)

The entropy is released during the length retraction (Step II of Figure 5.1B):

∆𝑆ፑ = −𝑇᎒min𝑆᎒min + 𝑇᎒max − 𝑆᎒max (5.6)

By coupling Equation 5.6 to Equation 5.1 it is derived:

∆𝑆ፑ =
𝑅𝜈፣𝑇᎒ፈፈ

2 (𝛼ኼ
ፈፈ + 2

𝛼ፈፈ
− 3) −

𝑅𝜈፣𝑇᎒max

2 (𝛼ኼ
᎒max + 2

𝛼᎒max

− 3) (5.7)

where 𝛼ፈፈ = ፋᑀᑀ
ፋᑘᑝᑒᑤᑤ

is the ratio between the length of the DMA tested sample at any

point during retraction (𝐿ፈፈ) and 𝐿፠፥ፚ፬፬. The released entropy reaches a maximum
when 𝐿ፈፈ = 𝐿min, in correspondence of the minimum in elongation (𝜀min of Figure
5.1B):

∆𝑆max
ፑ =

𝑅𝜈፣𝑇᎒min

2 (𝛼ኼ
min + 2

𝛼min
− 3) −

𝑅𝜈፣𝑇᎒max

2 (𝛼ኼ
᎒max + 2

𝛼᎒max

− 3) (5.8)

𝐿፠፥ፚ፬፬, 𝐿max, 𝐿min are observables of the DMA test. Then, assuming that the re-
tractive stress ፅᑉ

ፀ = 𝜎ፑ = 𝜎ፒፅ ፚ፭ ᎒max (the stress measured from the DMA loading cell
at the maximum of the elongation) we can estimate the junction density 𝜈፣ through
Equation 5.2 as:

𝜈፣ =
𝜎ፒፅ ፚ፭ ᎒max

𝑅𝑇᎒max

∗ ( 1
𝛼max − ኻ

ᎎᎴ
max

) (5.9)

Having 𝜈፣ and 𝛼, ∆𝑆ፒ and ∆𝑆ፑ are calculated using Equation 5.4 and Equation 5.7.
A set of TPUs were synthetized by varying the nominal soft phase fraction (𝜒ፒፅ)
and tested by DMA to quantify all VLTs-related parameters (∆𝑆, 𝜈፣, 𝜎ፑ).
Figure 5.1C-D show the temperature dependence of sample length and normal
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force for a specific TPU (𝜒ፒፅ= 0.41) as obtained in DMA analysis. 𝐿፠፥ፚ፬፬ is selected
in correspondence of a deformation of 0.1%. 𝐿max and 𝐿min are respectively the
length at the maximum of extension and retraction. 𝐹ፑ corresponds to the normal
(static) force measured from the DMA loading cell at the moment of the maximum
extension, when sample retraction starts. Using these observables, ∆𝑆ፑ is calcu-
lated at different temperatures inside the retraction step by using Equation 5.7 and
plotted in Figure 5.1E.
Hornat et al. [14], using the careful analysis of the relation between the DMA ob-
servables (𝜀max and 𝜎ፒፅ ፚ፭ ᎒max) and two characteristic network parameters (tan 𝛿max
which is indicative of network viscoelasticity and 𝜈፣ that represents network con-
nectivity) have shown that ∆𝑆 can be correlated to tan 𝛿max and 𝜈፣). In particular
Δ𝑆 ∝ 𝜎ፒፅ ፚ፭ ᎒max = (tan 𝛿max x 𝜈ኺ.ዀዀኻኽ

፣ ) x (tan 𝛿max x ln 𝜈፣). tan 𝛿max and 𝜈፣ can be
extrapolated from the DMA analysis and are controlled through the network chem-
ical modifications. Figure 5.1F-G show the effect that an increase in polyurethane
soft phase fraction determines on tan 𝛿max and 𝑣፣. The first polymer extension was
attributed to the decoiling of the polyurethane soft phase, polymers designed with
higher soft phase fraction (𝜒ፒፅ) show higher viscous dissipation (higher tan 𝛿max)
at the VLTs (Figure 5.1F) because a larger network fraction is able to dissipate the
mechanical load. Moreover, hydrogen bonds and main chain entanglements in the
soft phase act as molecular switches for the shape memory viscoelastic transition
(the VLT transition). Therefore it is not surprising that an increase in soft phase
molar fraction (𝜒ፒፅ) coincides with an increase of junction density 𝜈፣ (Figure 5.1G).
The junction density tends to plateau for 𝜒ፒፅ>0.5, suggesting that a saturation level
in hydrogen bonding and entanglements is reached in the soft phase. As illustrated
in Figure 5.1H, when connecting ∆𝑆max

ፑ to the network characteristic parameters a
linear relationship is obtained:

Δ𝑆max
ፑ = 0.295

(tan 𝛿max)ኼ ∗ 𝜈ኺ.ዀዀኻኽ
፣

ln 𝜈፣
(5.10)

TPUs with high tan 𝛿max and 𝜈፣ undergo a more effective limitation of conforma-
tional states during VLTs, determining an increase of maximum released entropy
∆𝑆max

ፑ . This equation can be used to directly obtain the values of ∆𝑆max
ፑ from 𝛿max 

and 𝜈፣.
Details regarding synthesis, characterisation and analysis methods are provided in
the Supplementary Materials. All the VLT parameters (∆𝑆max

ፒ , ∆𝑆max
ፑ , 𝜈፣, 𝜎ፒፅ ፚ፭ ᎒max ,

𝜀max) are listed in Table S2.
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Figure 5.1: Network morphology and shape memory VLTs results. (A) Schematic representation
of TPU phase separated morphology. (B) Schematics of the classical dependence of strain on temper-
ature during VLT transition. Step I: extension due to soft segments decoiling. Step II: Retraction due
to release of stored conformational entropy. Step III: extension due to hard blocks delayed decoiling.
(C-D) Experimental temperature dependence of sample length (Sample Length) and normal static force
(ፅᑅ) for Ꭴᑊᐽ = 0.42 as obtained by DMA analysis. (E) ∆ፒᑉ temperature dependence as calculated by
applying Equation 5.6. Note that ∆ፒᑉ ጻ 0 only during stage 2 of the VLT transition, in the retraction
phase. (F-G) Polymer viscoelasticity (tan᎑max) and junction density (᎚ᑛ) dependence on soft phase
molar fraction.
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5.3.2. Relation between macroscopic scratch closure and re-
leased entropy

To examine the relationship between the released entropy calculated through the
VLTs analyses and the macroscopic scratch closure behaviour we introduce a testing
protocol based on controlled temperature scratching/healing combined with opti-
cal microscopy analysis of 100 µm thick TPU polymers. The damage and healing
temperatures were established analysing the strain-temperature relationship dur-
ing DMA measurements and the testing protocol is fully provided in Supplementary
Information.
Figure 5.2A-B-C summarises selected scratch closure optical micrographs, the
theoretical values of ∆𝑆ፑ and the specific healing temperatures of three TPUs de-
signed with different soft phase molar fraction (𝜒ፒፅ). For all specimens, the damage
recovery stems from an effective entropic release (∆∆𝑆ፑ). In fact, all the polymers
undergo entropy driven closure upon isothermal heating (healing) for 1 minute.
Interestingly the severe temperature required to trigger the closure of 𝜒ፒፅ= 0.27
(𝑇፡፞ፚ፥።፧፠ = 80 ∘C, snapshots AI and AII) does not correspond to a larger closure
displacement when compared to the closure occurring for 𝜒ፒፅ= 0.71 which takes
place at a considerably lower temperature (𝑇፡፞ፚ፥።፧፠ = 35.0 ∘C, snapshots CI and
CII). The closure looks solely to dependent on the exploited ∆∆𝑆ፑ, showing good
qualitative agreement between scratch closure displacement and released entropy.
In order to quantitatively relate closure to released entropy and shape memory
polymer design, the scratch closure displacement (𝛿ፂፋፎፒፔፑፄ) was estimated as

𝛿ፂፋፎፒፔፑፄ = 𝑊። − 𝑊 (5.11)

where 𝑊። and 𝑊 are the damage width measured at the polymer-air interface
respectively before (𝑊።) and after (𝑊 ) the isothermal healing treatment.
As illustrated in Figure 5.2D the 𝛿ፂፋፎፒፔፑፄ increases monotonically with ∆∆𝑆ፑ. The
data points are well fitted by common linear dependence:

𝛿ፂፋፎፒፔፑፄ = 15.79 + 10.68(∆∆𝑆ፑ) (5.12)

Interestingly, both experimental data and empirical predictions indicate 𝛿ፂፋፎፒፔፑፄ ≠
0 at a virtual ∆∆𝑆ፑ = 0. The result is not surprising since our observations are
based on the fundamental assumptions that all the energy stored during the me-
chanical deformation is used to limit the polymer conformational states (∆𝑆ፒ = ∆∆𝑆ፒ
and ∆𝑆ፑ = ∆∆𝑆ፑ). In reality, since during damaging the deformation exceeds the
characteristic linear regime, while the majority of the energy is stored as entropic
energy density, part will cause chain scission and part will be elastically stored by
the network (chemical bonds bending and contraction). The latter will cause partial
(marginal) macroscopic closure upon release at VLT onset.
It is relevant to access a prediction of the scratch closure displacement in relation
to the network characteristic design parameter (junction density 𝜈፣) and its intrin-
sic dissipative behaviour (maximum of the damping factor tan 𝛿max). The plot of
𝛿ፂፋፎፒፔፑፄ against (tan 𝛿max x 𝜈ኺ.ዀዀኻኽ

፣ ) x (tan 𝛿max x ln 𝜈፣) is shown in Figure 5.2E.
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An empirical linear relationship is obtained as

𝛿ፂፋፎፒፔፑፄ = 4.04
(tan 𝛿max)ኼ ∗ 𝜈ኺ.ዀዀኻዀ

፣
ln 𝜈፣

(5.13)

The linear trend was expected, considering the linearity between ∆𝑆ፑ and
(tan᎑max)Ꮄ∗᎚Ꮂ.ᎸᎸᎳᎵ

ᑛ
ln᎚ᑛ

(Equation 5.10). This relationship can be used to predict the value of closure start-
ing from a known polymer design parameter (𝜈፣) and 𝛿max measured through a
single DMA temperature sweep analysis. Inversely, it can be employed to optimize
polymer design (𝜈፣), based on an objective desired closure (𝛿ፂፋፎፒፔፑፄ) (e.g. dic-
tated from a specific application).

Figure 5.2: Closure displacement relation to released entropy and polymer design. (A-B-C)
Optical micrographs of damage TPU polymers. Ꭴᑊᐽ ዆ ኺ.ኼ዁ (∆ፒᑉ ዆ ኻ.኿ኽ kJ/m3) was healed at 80 ∘C
(AI-AII). Ꭴᑊᐽ ዆ ኺ.኿ኻ (∆ፒᑉ ዆ ዀ.ዀኼ kJ/m3) was healed at 42.5 ∘C (BI-BII). Ꭴᑊᐽ ዆ ኺ.዁ኻ (∆ፒᑉ ዆ ኻኺ.ዀኼ
kJ/m3) was healed at 35 ∘C (CI-CII). (D) ᎑ᐺᑃᑆᑊᑌᑉᐼ dependence on ∆∆ፒᑉ. Note that data points are
well fitted by a linear spline. (E) ᎑ᐺᑃᑆᑊᑌᑉᐼ dependence on tan ᎑max x ᎚Ꮂ.ᎸᎸᎳᎵ

ᑛ ) x (tan ᎑max x ln ᎚ᑛ)
equivalent to the product ᎟ᑊᐽ ᑒᑥ ᒊmax × ᎒max). Note that data points are well fit by a linear spline.

The five TPU polymers used to obtain the data points showed in Figure 5.2D were
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examined by healing every polymer at two temperatures corresponding to the to
the midpoint and the end point of the strain-temperature VLT. This approach al-
lowed us to assess a spectrum of released entropy (0.1 < ∆∆𝑆ፑ < 11 kJ/m3). An
equally broad range can be accessed by exploiting the different temperatures of
VLT retraction (𝑇፫፞፭፫ፚ፜፭።፨፧) of a specific system. In particular, by analysing the re-
lation between ∆𝑆ፑ at 𝑇፫፞፭፫ፚ፜፭።፨፧ for 𝜒ፒፅ = 0.71 and 0.51, the broad spectrum of
released entropy was reconstructed by testing these two systems under six healing
conditions marked as data-points in Figure 5.3A. The additional healing tempera-
tures and the calculated ∆𝑆ፑ are provided at Table S4. The scratch-healing results
are presented in Figure 5.3B and show linear dependence of 𝛿ፂፋፎፒፔፑፄ on ∆∆𝑆ፑ
(continuous grey line in Figure 5.3B). The spline is in good agreement with the lin-
ear relationship derived by testing all the polymer compositions (𝜒ፒፅ = 0.71, 0.59,
0.51, 0.42, 0.27) at the 𝑇፦።፝ and 𝑇 ፧፝ዅ፩፨።፧፭ and reported as dashed black line in
Figure 5.3B. The two fittings diverge at high ∆∆𝑆ፑ values where the error bars on
the measurement become wider. This analysis confirms that a quantitative predic-
tion of 𝛿ፂፋፎፒፔፑፄ based on the entropic storage estimated by DMA analysis (∆𝑆ፑ) is
possible [14, 15].

Figure 5.3: Closure displacement relation to released entropy in wide range of healing tem-
perature for two specific systems (χSF = 0.71 and 0.51. (A) ∆ፒᑉ dependence on ፓᑣᑖᑥᑣᑒᑔᑥᑚᑠᑟ. (B)
᎑ᐺᑃᑆᑊᑌᑉᐼ dependence on ∆∆ፒᑉ.

5.3.3. Entropy storage as a strain-induced phenomenon
Now we investigate the role of the damage mode and geometry in generating the
internal energy storage in proximity of the scratch. The linear relationship link-
ing the 𝛿ፂፋፎፒፔፑፄ to ∆𝑆ፑ was derived for a specific damage condition that consists
of the use of a sharp 100 µm wide razor blade tip. Therefore, during damaging
the material is subjected to the deformation state represented qualitatively in Fig-
ure 5.4A. Upon scratching a large polymer displacement occurs in damage zone,
setting a damage-induced strain region. Figure 5.4AI-II propose again the optical
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micrographs of before and after healing. This event determines the local entropic
storage responsible of the polymer delayed elasticity upon healing that causes the
closure. Minimal or no material removal is caused in this case.
An analogous experiment was performed on the same TPU by producing a dam-
age using a rotating carbide tip by means of a mechanical engraver. The high
torque of the metal tip shutters the polymer provoking the material removal and
a substantially different deformation state when compared to the scratching, as
imaged in Figure 5.4B. The material is only minimally displaced, therefore only a
small damage-induced strain region is set, in correspondence of the damage lateral
walls. Upon healing, the closure displacement is limited to the lateral walls and the
scratch is still fully open. The drop in closure is visible from the optical micrographs
of the scratch provided in Figure 5.4BI-BII and it is quantitatively reported in Figure
5.4C as red ball marker.
This experiment indicates that despite the theoretical entropy storage of the sys-
tems used calculated between damage and healing temperature, is unchanged, the
effective entropy storage that determines the entropy driven closure have to be ex-
ploited through a damage mode that privileges material displacement over material
removal. Entropy storage is a strain-induced phenomenon.

Since the entropy storage is dependent on the presence of a strain profile in prox-
imity of the damage zone, we argue that the use of a blunter or narrower tip will
lead respectively to a higher and lower entropy storage/release, even if the polymer
used and the damage/healing temperature conditions are unaltered. A blunter tip
induces a broader strain field, while a narrower one yields to a shrinking of the strain
field. To confirm the hypothesis the controlled temperature scratching/healing tests
were repeated using a conical Rockwell diamond tip (width ≈ 100 µm, curvature
radius r ≈ 200 µm) and a razor blade tip, equal to the previous one used but thinned
to 70 µm. Schematic overviews of the additional scratching tips used is shown in
Figure 5.4D-E. The use of the blunt Rockwell results in a higher initial damage width
( 𝑊ፑ፨፜፤፰፞፥፥

። ≈ 200 µm) compared to that for the razor blade damage (𝑊ፑ፳ፁ
። ≈ 130

µm). Upon isothermal healing, driven by the conformational SME the damages dis-
place to the final width of 𝑊 ≈ 20 µm (𝛿ፂፋፎፒፔፑፄ ≈ 110 µm) as shown from the
optical micrographs acquired after damage and healing (Figure 5.4DI-DII). The use
of a blunter tip sets a larger strain-induced region that determines a higher entropy
storage/release resulting in a higher closure. A qualitative estimation of the ∆∆𝑆ፑ
exploited when using the Rockwell tip is realized by inverting the derived linear re-
lationship linking 𝛿ፂፋፎፒፔፑፄ to ∆∆𝑆ፑ (Equation 5.11, reported as grey spline in Figure
5.4C). As shown in Figure 5.4C (cyan square marker) a value of ∆∆𝑆ፑ ≈ 9.0 kJ/m3

corresponds to the observed closure displacement of 110 µm.
A strong decrease in closure is obtained when comparing indenters with equivalent
shape (razor blades) but different tip width (100 µm and 70 µm). In case the 70 µm
razor blade is used, a smaller initial scratch width is set (𝑊። ≈ 90 µm), and lower
closure is observed (𝛿ፂፋፎፒፔፑፄ ≈ 80 µm), confirming the hypothesized shrinking of
the damage-induced strain region (Figure 5.4EI-EII). However, despite the abso-
lute reduction of 𝛿ፂፋፎፒፔፑፄ, the scratch is only barely visible. In fact, much lower
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levels of released entropy are sufficient to fully heal the damage, setting a system
specific level of damage closure saturation. By inverting Equation 5.10 we argue
that values of ∆∆𝑆ፑ no higher than ≈ 5.2 kJ/m3 will be sufficient to fully close up an
90 µm wide damage (red square marker in Figure 5.4C). The approach is universal
provided that the material shows length extension and successive retraction at the
VLT.
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Figure 5.4: Effect of damage mode on closure displacement. (A) Scratching causes material
displacement at the damage zone. A damage-induce strain region is set, enabling efficient entropy
storage. Good closure is observed upon healing. (B) Engraving determines material removal. Since
the material is removed but not displaced, only a minimal entropic storage is possible at the damage
lateral walls. Poor closure is observed upon healing. (C) Quantitative evaluation of the effect of damage
mode and the use of a blunt and a narrow indenter. (D) Schematic overviews and photographs of the
damaging tips used. All the quotes are given in millimetres. (DI, DII, EI, EII) Optical micrographs
acquired before and after healing treatment of samples damaged with Rockwell tip (DI-DII) and narrow
razor blade (EI-EII).
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5.4. Conclusions
We observed a linear relation between the amount of released locally stored energy
in a scratched thermoplastic polymer coating and the closure of the scratch. In
general terms, a higher closure will be obtained for polymers with a high junction
density and combinations of deformation and healing temperatures which lead to
an optimal release of the stored energy. Specific polymer design could be used to
target unique applications. This work proposes a critical advance in the design of
the next generation shape memory and self-healing polymer commodities.

5.5. Supporting Information
Experimental conditions

Table S1. Synthesis of segmented polyurethanes: Stoichiometry and molar
content.

OH (CroHeal 1000) / Soft phase fraction NCO / OH
OH(CroHeal 1000)+OH(BDO) (𝜒ፒፅ) (total)

(mol/mol)
0.71 0.71 1.1
0.59 0.59 1.1
0.51 0.51 1.1
0.42 0.42 1.1
0.27 0.27 1.1

𝜒ፒፅ = 0.71
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 0.790 6.79
BDO 0.18 1.997

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 1.711 7.697
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𝜒ፒፅ = 0.59
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 0.83 7.18
BDO 0.30 3.329

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 2.04 9.16

𝜒ፒፅ = 0.51
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 0.88 7.56
BDO 0.42 4.66

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 2.36 10.63

𝜒ፒፅ = 0.27
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 1.17 10.05
BDO 1.20 13.31

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 4.48 20.15
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VLT parameters and damaging temperatures

Table S2. Stress from static force at 𝜀max (𝜎ፒፅ ፚ፭ ᎒max), maximum strain (𝜀max),
junction density (𝜈፣) maximum released entropy density (∆𝑆max

ፑ ), maximum stored
entropy density (∆𝑆max

ፒ ) for the different polyurethane formulations obtained via
DMA analysis. The data reported are the average value and standard deviation
calculated on a set of three DMA experiments.

𝜒ፒፅ 𝜎ፒፅ ፚ፭ ᎒max 𝜀max 𝜈፣ ∆𝑆max
ፑ ∆𝑆max

ፒ
(MPa) (%) (mol/m3) (kJ/m3) (kJ/m3)

0.71 0.243±0.018 9.4±0.30 393±30 10.16±0.90 11.75±0.94
0.59 0.202±0.014 7.9±0.45 379±11 7.23±0.66 8.20±1.02
0.51 0.190±0.013 7.5±0.22 366±24 6.23±0.62 7.35±0.64
0.42 0.159±0.007 8.3±0.19 274±16 4.45±0.45 6.80±0.19
0.27 0.0514±0.001 4.8±0.85 136±11 0.71±0.58 1.31±0.52

Table S3. Temperatures corresponding to the mid and end-point of VLT transition
and corresponding ∆𝑆ፑ as calculated by VLT DMA study. These points were used
as healing temperatures of the PU coatings.

𝜒ፒፅ 𝑇። 𝑇፦።፝ 𝑇 ፧፝ዅ፩፨።፧፭ ∆𝑆፦።፝
ፑ ∆𝑆፞፧፝ዅ፩፨።፧፭

ፑ
(∘C) (∘C) (∘C) (kJ/m3) (kJ/m3)

0.71 3±0.2 21±0.3 35±0.3 6.68±1.44 10.62±0.89
0.59 4±0.2 23.5±0.3 38.5±0.3 4.32±1.61 7.39±0.66
0.51 9±0.2 27.5±0.3 42.5±0.3 3.46±1.05 6.62±0.62
0.42 12.5±0.3 33±0.3 48±0.5 1.39±0.41 4.51±0.57
0.27 18±0.3 55±0.5 80±1.1 0.112±0.08 0.71±0.20
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Table S4. Additional healing temperatures tested for 𝜒ፒፅ = 0.71 and 𝜒ፒፅ = 0.51
and corresponding ∆𝑆ፑ as calculated by VLT DMA study.

𝜒ፒፅ 𝑇። 𝑇፫፞፭፫ፚ፜፭።፨፧ ∆𝑆ፑ
(∘C) (∘C) (kJ/m3)

0.71 3±0.2 17±0.3 0.39±0.09
23±0.3 7.76±1.15
30±0.3 10.55±0.92

0.51 9±0.2 24±0.3 0.69±0.18
28±0.3 3.10±0.93
36±0.3 6.20±0.69

Optical micrographs of damaged and healed coatings
In this section we show exemplary optical micrographs of the damaged and healed
coatings. Optical micrographs of the coating in the damage state are reported on
the left end side, while the optical micrographs of the coating in the healed state
(60 seconds of healing treatment) are reported on the right end side. The scale
bar measures a length of 50 µm.

𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 17 ∘C

𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 21 ∘C

𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 21 ∘C, Rockwell Tip
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𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 23 ∘C

𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 30 ∘C

𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 35 ∘C

𝜒ፒፅ = 0.71, 𝑇 ፚ፦ፚ፠፞ = 3 ∘C, 𝑇፡፞ፚ፥።፧፠ = 35 ∘C, Rockwell Tip

𝜒ፒፅ = 0.59, 𝑇 ፚ፦ፚ፠፞ = 4 ∘C, 𝑇፡፞ፚ፥።፧፠ = 23.5 ∘C
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𝜒ፒፅ = 0.59, 𝑇 ፚ፦ፚ፠፞ = 4 ∘C, 𝑇፡፞ፚ፥።፧፠ = 38.5 ∘C

𝜒ፒፅ = 0.59, 𝑇 ፚ፦ፚ፠፞ = 4 ∘C, 𝑇፡፞ፚ፥።፧፠ = 38.5 ∘C, Rockwell Tip

𝜒ፒፅ = 0.51, 𝑇 ፚ፦ፚ፠፞ = 9 ∘C, 𝑇፡፞ፚ፥።፧፠ = 24 ∘C

𝜒ፒፅ = 0.51, 𝑇 ፚ፦ፚ፠፞ = 9 ∘C, 𝑇፡፞ፚ፥።፧፠ = 27.5 ∘C
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𝜒ፒፅ = 0.51, 𝑇 ፚ፦ፚ፠፞ = 9 ∘C, 𝑇፡፞ፚ፥።፧፠ = 27.5, Rokwell Tip ∘C

𝜒ፒፅ = 0.51, 𝑇 ፚ፦ፚ፠፞ = 9 ∘C, 𝑇፡፞ፚ፥።፧፠ = 28 ∘C

𝜒ፒፅ = 0.51, 𝑇 ፚ፦ፚ፠፞ = 9 ∘C, 𝑇፡፞ፚ፥።፧፠ = 36 ∘C

𝜒ፒፅ = 0.51, 𝑇 ፚ፦ፚ፠፞ = 9 ∘C, 𝑇፡፞ፚ፥።፧፠ = 42.5 ∘C
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𝜒ፒፅ = 0.42, 𝑇 ፚ፦ፚ፠፞ = 12 ∘C, 𝑇፡፞ፚ፥።፧፠ = 33 ∘C

𝜒ፒፅ = 0.42, 𝑇 ፚ፦ፚ፠፞ = 12 ∘C, 𝑇፡፞ፚ፥።፧፠ = 48 ∘C

𝜒ፒፅ = 0.27, 𝑇 ፚ፦ፚ፠፞ = 18 ∘C, 𝑇፡፞ፚ፥።፧፠ = 55 ∘C

𝜒ፒፅ = 0.27, 𝑇 ፚ፦ፚ፠፞ = 18 ∘C, 𝑇፡፞ፚ፥።፧፠ = 80 ∘C
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6. From damage closure to electrolyte barrier restoration
in self-healing polyurethane coatings: a function
of the soft-to-hard ratio and hydrogen bond state

Abstract
The use of self-healing polymeric coatings has long been proposed as a way
to make coated metals less sensitive to scratch damage and to extend their
lifetime under corrosive conditions. Nevertheless, the requirements for the
polymer structure to lead to desirable scratch closure and sealing are not
clear yet. In this work we control the soft phase fraction in thermoplastic
polyurethanes to study its influence on the two steps of the healing process
of organic coatings, namely the scratch closure and the restoration of the bar-
rier against electrolyte ingress. To this aim, comparable polyurethanes with
different segmentation states are applied as organic coatings on plain carbon
steel plates, scratched under very well controlled conditions, and the dam-
age closure and sealing kinetics are studied in details. The scratch closure
is measured optically while the barrier restoration is probed by the acceler-
ated cyclic electrochemical technique (ACET). Scratch closure due to entropic
elastic recovery followed by sealing induced by local viscous flow and in-
terfacial hydrogen bonding shows a strong and positive dependence on the
soft phase fraction content and the state of the H-bond (urea/urethane ratio).
Polyurethaneswith a lower soft phase fraction lead to a higher urea/urethane
ratio and interestingly show less efficient crack closure but a more efficient
barrier restoration. The present work highlights the critical role of soft/hard
block and urea/urethane content on crack closure and barrier restoration of
anticorrosive organic coatings.



6.1. Introduction

6

153

6.1. Introduction
The use of self-healing polymeric coatings has been proposed already for many
years as a promising method to extend the lifetime of coated structures exposed
to aqueous corrosion conditions [1–4]. The principal challenge remains to develop
self-healing coatings with mechanical properties acceptable by industry such that,
when damaged, they not only are able to close cracks but also to fully recover the
original barrier function of the coating such that no preferential corrosion will take
place at the former damage site.
Intrinsic healing polymers offer the potential of healing large damages in corrosion
protective coatings. Such polymers owe the healing ability to the molecular design
of the polymer network through the use of reversible chemical moieties that allow
on-demand local temporary mobility of the network. In order to effectively exploit
this characteristic in the field of coatings with the least human intervention possi-
ble, a proper balance between elastic recovery after damage, required to bring the
two crack planes in contact, and local viscous flow, required to allow for interface
diffusion and reaction to restore barrier, seems to be required. The pressure-free
scratch closure may be achieved by viscous flow or by using so called shape mem-
ory principles to allow the mechanical closure of cracks by releasing the (elastic)
energy stored during the damage [5]. This last concept is used in several intrinsic
self-healing polymer coatings. In particular, from a polymer design point of view,
the energy storage during damage leading to shape memory effect has been shown
through the use of main chain entanglements, permanent crosslinking [6, 7], poly-
mer blending [8, 9], and micro-phase separation [10, 11].
While the mechanical closure of cracks, which is relatively easy to monitor with con-
ventional optical or SEM microscopy, is a pre-requisite, the formation of entangle-
ments and physical and chemical bonds at the polymer-polymer and polymer-metal
interfaces are equally important from a corrosion protection perspective. These
interfacial properties can be monitored using electrochemical techniques such as
electrochemical impedance spectroscopy (EIS) [4, 12–15]. Quasi autonomous crack
closure in combination with interfacial healing may be hard to realise in a one-phase
polymer system due to the intrinsic dichotomy between fast chain interdiffusion
(which guarantee rapid damage disappearance) and high binding energy of re-
versible moieties (which ensures high interfacial healing). In order to maximize
the potential of the healing concept in protective coatings it is necessary to control
the polymer architecture and identify the polymer features that help maximizing
both damage closure and interfacial sealing. In earlier works we initiated this task
and showed that it is possible to control the mechanical properties of healed inter-
faces in branched polyurethanes by tuning the length of the dangling side chains
[16]. We also introduced a quasi-quantitative method to relate the content of re-
versible dynamic bonds to early-stage healing fracture resistance through the use
of deconvolution protocols and work of deformation [17]. Work by others on self-
healing polyurethane coatings showed how their characteristic phase separation at
the nanoscale induces delayed elasticity upon damage driving the scratch closure
process [18–20]. Nevertheless, there are no reported systematic works trying to
unveil the role of the soft to hard block ratio on the different stages of the healing
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process in polyurethane coatings.
The effect of hydrogen bonding on the interfacial healing of free standing poly-
mers has been for long reported. For comparable polymer networks, an increase
in the content of dynamic hydrogen bonds and the use of hydrogen-bonding re-
versible moieties with higher binding energies (e.g. multidentate ligands) lead to
stronger healed interfaces when broken parts are manually brought in contact.
The hydrogen bonding functionality can be interred from the reported dimerization
constants calculated for several hydrogen bonding groups ranging from monoden-
tate to quadruple bonding groups [21]. This idea has recently been intentionally
exploited with well selected monomers to increase the mechanical properties of in-
trinsic self-healing polymers [22], but the positive effect of an increase in hydrogen
bonding binding energy on interfacial healing of polymers and coatings remains to
be demonstrated.
In the present work we investigate the effect of both soft/hard block ratio and
urea/urethane content on the healing process and efficiency of a set of self-healing
polyurethanes with comparable chemistry and properties. By varying the ratio be-
tween the polyol (which contains short dangling chain regularly distributed on the
main chain, see Figure 6.1), chain extender and isocyanate we control the degree
of segmentation and soft phase fraction and investigated its impact on the balance
between scratch closure and barrier restoration responsible for the passive corro-
sion protection functionality. The resulting polyurethane formulations are applied
on carbon steel panels. As a result of the monomers used, the implemented strat-
egy leads to a change in the relative ratio between urea (bidentate) and urethane
(monodentate) reversible ligands. This allows to get insights into the effect of an
increase in binding energy of the reversible group on both crack closure and crack
sealing. FTIR was employed to quantify the urea/urethane content as function of
the soft fraction. Light optical microscopy and scanning electron microscopy al-
lowed the monitoring and quantification of the crack closure process and kinetics.
Accelerated cyclic electrochemical technique (ACET) is used to monitor the effect of
the soft fraction and urea/urethane ratio on the barrier properties and the sealing
restoration after damage.

6.2. Experimental Section

6.2.1. Materials

Butyl acetate (BuAc, >99.7%), 1,4-butanediol (BDO, 99%), isophorone diisocyanate
(IPDI, 98%), dibutyltin dilaurate (DBTDL, 95%) were purchased from Sigma-Aldrich.
Polyether siloxane copolymer wetting additive TEGO Wet 270 was purchased from
Evonik Industries. Polyol CroHeal 1000 (equivalent molecular weight 1200 g/mol)
was kindly provided from Croda Nederland B.V. Sodium chloride was purchased
from VWR International. All the reagents were used as received without further
purification.
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6.2.2. Synthesis segmented polyurethanes and coating prepa-
ration

Six segmented polyurethanes were synthesized by single-shot technique reacting
IPDI (diisocyanate), BDO (chain extender) and CroHealTM 1000 (polyol). The molec-
ular structure of the segmented polyurethanes is shown schematically in Figure
6.1. The short hard segments (IPDI + BDO) are connected by long and highly
aliphatic soft segments (IPDI + CroHealTM 1000). The nominal molar soft phase
fraction was estimated as:

𝜒ፒፅ = 𝑛(𝐶𝑟𝑜𝐻𝑒𝑎𝑙1000)
𝑛(𝐶𝑟𝑜𝐻𝑒𝑎𝑙1000) + 𝑛(𝐵𝐷𝑂)

where 𝑛 stands for number of moles.
The nominal soft phase fraction was controlled by varying the molar ratio 𝐶𝑟𝑜𝐻𝑒𝑎𝑙/𝐵𝐷𝑂
in the monomer feed yet maintaining the same isocyanate/hydroxyl functional groups
ratio (NCO/OH=1.1). By this approach 𝜒ፒፅ was set to the following levels 𝜒ፒፅ =
0.71, 0.59, 0.51, 0.42 and 0.27. Here, the synthesis of polymer 𝜒ፒፅ = 0.42 is re-
ported in some more detail as it is representative of the synthesis process used for
all polymer systems.

Figure 6.1: Monomers used and segmented molecular structure of the synthesized
polyurethanes. Red structure represents the nominal soft blocks and blue the hard blocks.

CroHealTM 1000 was heated for 1 hour at 60 ∘C to reduce the intrinsic viscosity
of the monomer and facilitate mixing. Subsequently 6.0 grams (5.00 mmol) of
CroHealTM 1000 were transferred to a 20 ml polypropylene cup. Butyl acetate sol-
vent (BuAc, 0.94 g, 8.13 mmol) was quickly added to further reduce the intrinsic
viscosity. 0.6 grams of 1,4-butanediol were then transferred to the cup (BDO, 0.6
g, 6.66 mmol). Subsequently TEGO 270 (0.024 grams) and dibutyltin dilaurate
(DBDTL, 0.063 grams, 0.1 mmol) were added dropwise. Immediately thereafter,
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isophorone diisocyanate (IPDI, 2.85 grams, 12.82 mmol) was dosed from a syringe.
The system was stirred vigorously using a mechanical agitator and the reaction left
to proceed for 15 seconds at room temperature. The mixture was then applied on
an acetone-cleaned carbon automotive steel plate (Q-panel) using a coating bar
with a wet thickness of 150 µm leading to coatings with a dry thickness of 100 ±
5.0 μm. For bulk polymer characterization, part of the polymer mixture was poured
into a 4x4 cm PTFE molds to obtain free-standing films of 1 ± 0.2 mm thick. Analo-
gous procedures were followed for the other polymers as detailed in the Supporting
Information at Table S1.
Both the coated panels and the PTFE molds with the polymer mixtures were dried
for 30 minutes at ambient laboratory conditions and subsequently cured for 30 min-
utes at 60 ∘C in an air recirculating furnace. The polyurethane coatings and free
standing films were then equilibrated for at least 1 week at ambient laboratory con-
ditions prior to testing.

6.2.3. Characterization Methods
Attenuated total reflectance infrared spectroscopy (ATR-FTIR)
Attenuated total reflectance Fourier transform infrared spectroscopy was used to
monitor synthesis completion and to study the state of hydrogen bonding in the
proposed segmented polyurethanes. Each analyzed ATR-FTIR spectrum, obtained
with a PerkinElmer Spectrum 100, was the average of 32 scans over the wavenum-
ber region 4000 – 500 cmዅኻ with resolution of 1 cmዅኻ.
The infrared spectra were deconvoluted over the wavenumber range 1800 – 1600
cmዅኻ in order to identify hidden sub-peaks that give physical information on the
state of hydrogen bond of the carbonyl group (i.e. monodentate and bidentate
hydrogen bonds related to urea and urethane groups respectively). The sub-peaks
were identified by the analysis of the second order derivatives of the infrared spec-
trum function. A fitting procedure was subsequently applied using Gaussian func-
tions centered at the wavenumber corresponding to the local minima of the second
order derivative. The fitting procedures were performed using the software Origin-
Pro 2015 (OriginLab). For all polymers the coefficients of determination (𝑟ኼ) were
higher than 0.99, indicating a high fitting reliability.

Accelerated cyclic electrochemical technique (ACET)
The ACET measurements were performed at room temperature following well-
established procedures [23, 24]. The tests were performed with an Autolab PGSTAT
302N potentiostat/galvanostat, using a conventional three-electrode cell configura-
tion consisting of a saturated Ag/AgCl reference electrode, a carbon black rod with
diameter of 50 mm as the counter electrode, and the coated carbon steel sub-
strate as the working electrode. 50mL of stagnant 0.5 M NaCl aqueous solution
in equilibrium with air was used as electrolyte. The samples were placed vertically
in the electrochemical cell with an exposed area of around 0.8 cmኼ. This geome-
try allowed monitoring the sample under immersion during the whole duration of
the test with a CCD camera as performed elsewhere [25]. A Faraday cage was
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employed to avoid the interference of external electromagnetic fields The intact
and healed coating systems were electrochemically characterized in duplo showing
good reproducibility.
Prior to the test, the open circuit potential (OCP) of the samples was measured and
used for the first electrochemical impedance spectroscopy (EIS) test. As this mo-
ment, the testing procedure consists of the repetition of three consecutive steps:
(i) a non-destructive EIS at 10 mV (rms) sinusoidal perturbation with respect to the
OCP in the frequency range 10ዅኻ – 10ኾ Hz. Ten data points per frequency decade
were acquired; (ii) a cathodic polarization at a constant potential of -4 V for 20 min;
and (iii) a potential relaxation for 3 hours to record the open circuit potential (OCP)
evolution with time. The test sequence was repeated for 5 times.

Calculation of coating capacitance
The coating capacitance was calculated directly from the EIS data as using equation
(1):

𝐶ፂ = 1
2𝜋𝑓።𝑍ᖦ (6.1)

where 𝑓። the excitation frequency and 𝑍ᖦ
is the imaginary part of the impedance

at the 𝑓። excitation frequency. 𝑓። was set at 230 Hz, where the total impedance of
all systems is entirely dominated by the polymer capacitance and without external
interferences [26–28]. 𝐶፜ is a direct estimation of the water uptake considering the
relation:

𝐶ፂ = 𝜖𝜖ኺ
𝐴
𝐷 (6.2)

where 𝜖 is the dielectric constant of the coating, 𝜖ኺ the vacuum permittivity, 𝐴 the
area of the coating exposed to the electrolyte and 𝑑 is the coating thickness. As
the coating absorbs water the dielectric constant of the coating increases and with
it the coating capacitance.

Creation of scratch damage
Scratches of 5 millimeters in length and 100 µm width were produced at T = 21 ∘C by
a computerized scratch machine CSM Instrument Scratch Tester, using a fresh razor
blade with a 100 µm wide tip until the razor blade tip reached the steel substrate.
To do so, the axial force was varied between a minimum of 1 N (𝜒ፒፅ = 0.71) and
a maximum of 1.8 N (𝜒ፒፅ = 0.27), depending on the hardness of the coating. The
sliding speed was set to 1 mm/min and the tip-to-metal contact monitored with an
LED.

Scanning electron microscopy
A high resolution JOEL SEM (JSM-75000F) operating at 5 kV was employed to vi-
sualize the degree of damage closure at the end of the healing process. To do this
the polymer coatings were subjected to a high vacuum, gold sputtering treatment
before observation. Since gold sputtering was required for samples to be observed,
every data-points shown in the closure kinetics study (Figure 6.7) corresponds to a
different coating specimen.
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Thermal Analyses
Thermal properties were determined by thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC). TGA analyses were performed from room tem-
perature to 600 ∘C, under a dry nitrogen atmosphere at 10 ∘C/min heating rate using
a Perkin Elmer TGA 4000. DSC measurements were performed under a dry nitrogen
atmosphere and 10 ∘C/min heating and cooling rates over the temperature range
-40 ∘C to 200 ∘C using a Perkin Elmer Pyris Sapphire DSC. The glass transition
temperature (𝑇፠) was determined using the inflection point method.

Melt rheology
Oscillatory shear experiments were carried out on a strain-controlled Physica MCR
102 (Anton Paar GmbH) rheometer using a parallel plate geometry. The diameter of
the plate was 8 mm and the sample thickness was set to 1.0±0.2 mm. Temperature
sweep analyses were carried out over the temperature range – 20 ∘C to 180 ∘C using
a heating rate of 2.8 ∘C/min. All the tests were run at fixed strain of γ = 0.1%,
which is always within the linear viscoelastic regime as established by preliminary
strain amplitude analyses.

X-Ray diffraction analysis
Room temperature X-ray diffraction (XRD) spectra of the polymers deposited on
aluminum holders were recorded using a Rigaku MiniFlex 600 diffractometer. The
angle ranged from 2θ = 1∘ to 60∘ with 0.1∘ increments. The samples were rotated
during the measurement in an evacuated vacuum chamber.

6.3. Results and Discussion
6.3.1. Effect of soft phase fraction on polymer structure and

dynamics
Segmented polyurethanes (TPUs) are well-known for their characteristic nano-phase
separated morphology which determines rubber-like properties (e.g. rubbery elas-
ticity). The phase separation at the nanoscale is attributed to the presence in the
main chain of short hydrophilic blocks (the hard block) connected by long hydropho-
bic segments (the soft block). The block-like molecular structure of the segmented
polyurethanes presented in this manuscript is shown in Figure 6.1. Short blocks
with strong hydrogen bonds (IPDI and BDO) are connected by long hydrophobic
segments (IPDI + CroHeal 1000). As a result, when less CroHeal 1000 is used (less
𝜒ፒፅ ) the polymer becomes more segmented and with longer hard blocks within the
random character of the polymers.
All polymers are partially hazy, with a glass transition (𝑇፠) located between 4 ∘C
(𝜒ፒፅ = 0.71) and 27 ∘C (𝜒ፒፅ = 0.27) as determined by DSC (Figure S2 and Table
S2). Independently of the 𝜒ፒፅ all polymers show an equally high temperature sta-
bility with 5% weight loss at temperatures higher than 300 ∘C (Table S2).

Given the monomers used and the resulting bonds, the polymers used in this work
are expected to have both monodentate (urethane) and bidentate (urea) groups



6.3. Results and Discussion

6

159

in the polymer network. The formation of urea linkages is determined by a sim-
ple chemical process: in poly(urea)urethanes the urea linkages can be formed due
to reaction with moisture. In this particular case part of the isocyanate groups of
IPDI can react with water molecules to give carbamic acid groups that decompose
in amines and CO2, the amines will subsequently react with another isocyanate
groups to form a urea bond. Due to the large steric hindrance of the CroHealTM

1000 polyol, the free IPDI preferentially reacts with BDO to form urethane bonds.
Some of these subsequently react with the amines resulting from side reaction be-
tween IPDI and moisture to form urea bonds.
In view of the difference in binding energy between the two ligands and its poten-
tial impact on interfacial healing, we quantified the relative ratio between urea and
urethane ligands with an FTIR deconvolution protocol [29, 30]. As a first step we
calculated the second derivative of the IR spectrum for the Amide I carbonyl stretch-
ing vibration region of interest (1800-1640 cmዅኻ) and identified all the sub-bands
(Figure 6.2A shows the example for three compositions). This process revealed
the presence of four peaks hidden in the carbonyl region. Based on previous re-
ports on segmented polyurethanes [31] and theory on the bond vibration strength
(higher strength leads to lower wavenumbers) we identified the peaks as: free car-
bonyl groups (1727 cmዅኻ), disordered hydrogen bonded urethane carbonyl (1711
cmዅኻ), ordered hydrogen bonded urethane carbonyl (1694 cmዅኻ) and hydrogen
bonded urea groups (1671 cmዅኻ). The same principal sub-bands were found for
all the polyurethanes studied here (see Support Information Figure S8).
With the peaks identified we proceeded with the deconvolution of the IR spectrum
by running a mean square minimization fitting procedure to optimize the fit for the
Amide I experimental IR curve using four time constants. The results of the fitting
procedure for 𝜒ፒፅ = 0.27 are shown in Figure 6.2B. For all polymers the correlation
coefficient was higher than 0.99, which confirms the very good agreement between
fitness and experimental functions. With the fit complete we integrated the area
under each single Gaussian sub-peak to obtain quantitative information about the
distribution of the hydrogen bond state. For 𝜒ፒፅ = 0.27 a very low fraction of free
carbonyl groups (non-hydrogen bonded) was obtained as it can be inferred from
the small area under the free carbonyl sub-band (1727 cmዅኻ). Urethane (1711 and
1691 cmዅኻ sub-bands) and urea hydrogen bonded carbonyls (1674 cmዅኻ) appear
as equally concentrated. The fitting procedure was applied to all coating formula-
tions with comparable conclusions as shown in Table S3 and Figure S8.
Figure 6.2C shows the Urea fraction dependency with the 𝜒ፒፅ (blue squared data-
points). The Urea fraction was calculated by using the quantitative data obtained
by the FTIR deconvolution fitting as:

𝑈𝑟𝑒𝑎𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐴𝐼𝑛𝑡𝑔(𝑈𝑟𝑒𝑎)
𝐴𝐼𝑛𝑡𝑔(𝑈𝑟𝑒𝑎) + 𝐴𝐼𝑛𝑡𝑔(𝑂𝑟𝑑.𝑈𝑟𝑒𝑡ℎ𝑎𝑛𝑒) + 𝐴𝐼𝑛𝑡𝑔(𝐷𝑖𝑠.𝑈𝑟𝑒𝑡ℎ𝑎𝑛𝑒)

(6.3)
where 𝐴𝐼𝑛𝑡𝑔 stands for the integrated area under the specific deconvoluted IR
peak. As can be seen, the Urea fraction decreases linearly with the increase of soft
block fraction 𝜒ፒፅ from values > 0.3 for the most segmented polyurethane (𝜒ፒፅ
= 0.27) to about 0.19 for the least segmented polyurethane (𝜒ፒፅ = 0.71). The
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increase in Urea fraction with the decrease of 𝜒ፒፅ is simply explained looking at the
monomer feed for the different formulations. Since BDO has a much lower molecu-
lar weight compared to CroHeal 1000, in order to keep the ratio OH/NCO constant
(OH/NCO = 1.1), a higher IPDI molar content is fed for the polymer designed with
low 𝜒ፒፅ. As explained, the reaction between IPDI and moisture originates amines
in the mixture which then lead to the formation of urea linkages. Therefore the
higher IPDI molar content justifies the higher fraction of urea units in the final net-
work. This confirms the influence of soft/hard phase ratio on the presence of high
energetic bidentate reversible groups.

Figure 6.2: Quantification of urea and urethane groups from FTIR deconvolution. (A) Second
derivative plots of ATR-FTIR spectra of Ꭴᑊᐽ = 0.71 , 0.42 , 0.27 showing the presence of four local
minima in the Amide I band. (B) Ꭴᑊᐽ = 0.27 Amide I deconvolution. (C) Evolution of the Urea fraction
as function of the Ꭴᑊᐽ.

The differences in polymer architecture due to the variation of the soft phase frac-
tion can be found back in the macromolecular dynamics of the networks. Figure
6.3 presents the small amplitude, temperature sweep shear tests for all the syn-
thesized polymers. The elastic data are presented as elastic shear modulus (𝐺ᖣ) as
a function of temperature. The viscoelastic data are reported in the form of the
tangent of the phase angle (damping factor, tan 𝛿 = 𝐺ᖣᖣ ⁄ 𝐺ᖣ) to quantify the ratio
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between energy lost and the energy stored [32], particularly relevant during a relax-
ation transition. Following the temperature dependence of tan 𝛿 we infer that the
viscoelastic behavior indeed resembles that of segmented polyurethanes. In this
framework, the first dynamic transition at 𝑇፦ፚ፱ tan᎑ is attributed to the relaxation of
the continuous soft matrix while the next transition is associated to the presence of
segregated hard segments which are able to store mechanical energy for a broad
range of temperature until terminal relaxation occurs (T > 𝑇፭፞፫፦።፧ፚ፥). By decreasing
the soft phase fraction 𝜒ፒፅ three effects are apparent: (i) in analogy with results on
𝑇፠ obtained via calorimetry, the 𝑇፦ፚ፱ tan᎑ (which is used as alternative mechanical
definition of the glass transition) shifts upwards from 9 ∘C (for 𝜒ፒፅ = 0.71) to 31 ∘C
(for 𝜒ፒፅ = 0.27); (ii) more segmented (low 𝜒ፒፅ) polymers show delayed access to
terminal relaxation (𝑇፭፞፫፦።፧ፚ፥) as well as a decrease of the absolute value of tan 𝛿δ
in the plateau region (𝑇፦ፚ፱ tan᎑ < T < 𝑇፭፞፫፦።፧ፚ፥) indicating a more efficient energy
storage which can be attributed to the higher hard block fraction and nanophase
segregation; and (iii) as expected for lower amount of energy-dissipating blocks,
lower 𝜒ፒፅ leads to a decrease in damping at 𝑇፦ፚ፱ tan᎑ (lower tan 𝛿δ) because a
lower fraction of the material is relaxing at the glass transition temperature. Similar
effects were observed in earlier studies on segmented polyurethanes by Ferguson
et al. [33] in which the polymer structure was systematically controlled by changing
the amount of chain extender used.

Figure 6.3: Oscillatory shear analysis results. The viscoelastic behaviour resembles the typical one
of segmented polyurethanes. The increase of Ꭴᑊᐽ determines a faster access to terminal relaxation, a
increased of dissipation in the apparent-plateau region and a higher damping at glass transition.
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Figure 6.4: Barrier properties of the intact coatings. (A) Bode plot showing the EIS results as
function of the ACET cycles for the sample Ꭴᑊᐽ = 0.27. The blue diamond markers show the initial EIS
results (prior to any direct polarisation). The black triangle markers show the final EIS (upon the fifth
polarisation cycle). Filled markers refer to the total impedance |Z|, open markers refer to the phase ጓ.
The inset shows a photograph of the coating under immersion during the last ACET cycle. (B) Coating
capacitance evolution with the polymer soft phase fraction Ꭴᑊᐽ and the polarization cycles. Note that
the coating capacitance increases with the polymer soft phase fraction Ꭴᑊᐽ.

6.3.2. Effect of soft phase fraction on barrier properties of in-
tact coatings

Figure 6.4A shows a Bode plot with the EIS results obtained from the ACET test
for an intact sample 𝜒ፒፅ = 0.27 as a function of the number of ACET cycles. The
inset shows an optical snapshot of the sample obtained after the last ACET cycle
to demonstrate the absence of defects. The Bode plot resembles that of a perfect
capacitor (frequency independent phase Φ ≈ 90∘) characteristic of intact barrier
coatings. The high impedance and phase angle, and the absence of defects is
maintained during the whole duration of the ACET test, i.e. there is no substantial
difference between the first (blue diamond markers) and the last (black triangle
markers) cycle. In agreement with previous works using this technique for intact
coatings, the high stability of the EIS signal and absence of blisters with the cy-
cles despite the strong polarization (-4 Volts) is an indication of the system being a
coating with low permeability, no manufacturing defects and a strong adhesion.
In order to obtain a relation of the water uptake as function of the polarization
cycles and the soft block fraction, the coating capacitance (𝐶፜) was extrapolated
using Equation 1. Figure 6.4B shows the capacitance results for all the coating
formulations and cycles. As can be seen, the coating capacitance 𝐶፜, and there-
fore water uptake increases with the soft fraction (𝜒ፒፅ) content which in its turn
corresponds to a lower urea/urethane fraction. A similar trend was observed in a
previous study [34] using segmented hybrid poly(urea)urethanes in which a higher
urea/urethane content led to a lower water uptake. Figure 6.4B also shows how the
coatings maintain a similar coating capacitance throughout the ACET cycles. The
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highest soft fraction (𝜒ፒፅ = 0.71) represents an exception to these trends, as this
sample shows an initially lower coating capacitance than expected and an increase
in the coating capacitance between the 3rd and 5th DC cycle. This suggests that
when the fraction of soft phase is clearly higher than that of the hard block the
hydrophobic character of the polyol monomer dictates the initial degree of water
permeability. The effect is nevertheless lost with the polarization cycles as, once
the water ingresses, the resistance to absorb water decreases due to the lower
amount of physical crosslinks (hard blocks) to refrain the polymer from adapting to
more water ingress. The trend of the coating capacitance with the cycles for each
sample can be seen in Figure S3 of the Supplementary Information.

6.3.3. Effect of soft phase fraction on scratch closure kinetics
The scratch-healing mechanism of the polyurethane coatings can be visualized by
considering the thermodynamic response of the polymer to the mechanical damag-
ing and healing events. Figure 6.5 schematizes the evolution of the local entropy
density near the crack with time during a classical coating damage/healing process.
When scratched by a razor blade at temperature below the glass transition temper-
ature (𝑇 ፚ፦ፚ፠፞ < 𝑇፠), the actual cutting not only produces a scratch extending to
the metallic substrate but also displaces the polymer in a lateral direction perpen-
dicular to the scratch. This induced deformation produces an abrupt decrease in the
system entropy near the damage. This change in local entropy is quasi-permanent
due to the stable segregated phase that provides stable physical crosslink points
which prevent the rapid network relaxation. This leads to entropy-driven energy
storage at the damage location. Highly elastic polymer networks with high amount
of physical crosslink points are in theory able to store more entropy-driven energy.
Upon heating at 𝑇፡፞ፚ፥።፧፠ > 𝑇፠, the entropic energy stored during mechanical dam-
age is released in a process known as entropy driven elastic recovery (EER). This
allows the displacement of the two sides of the damage towards the crack center.
If this EER is sufficient, the two sides of the scratch will re-establish physical con-
tact, and a healing interface will be formed to allow for the re-shuffling of built-in
reversible moieties. In case the polymer is scratched at a temperature above the
glass transition temperature (𝑇 ፚ፦ፚ፠፞ > 𝑇፠) no significant storage of entropic en-
ergy is expected since the polymer relaxes right after the creation of damage.
The scratch front displacement and the kinetics of the process are functions of the
characteristic network. After the EER, longer times at 𝑇፡፞ፚ፥።፧፠ > 𝑇፠ lead to no
significant variation in entropy, while the system is energetically driven to viscous
flow which ultimately can lead to complete scar disappearance. The mechanism,
here explained in thermodynamic terms, is known in literature as shape memory
assisted self-healing (SMASH) [8].
In the current work, all the polymers were damaged at room temperature (𝑇 ፚ፦ፚ፠፞
= 21 ∘C), which is well above the 𝑇፠ for systems with 𝜒ፒፅ = 0.71, 0.59 and 0.51.
In agreement with the theory exposed above, in these systems no entropy driven
damage closure could be captured during the post-scratching optical observations
as crack closure happened almost immediately after scratching. The other two
samples, 𝜒ፒፅ = 0.42 and 0.27, were damaged at 𝑇 ፚ፦ፚ፠፞ < 𝑇፠ and did show EER at
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the healing temperature. Figure 6.6 shows the process for 𝜒ፒፅ = 0.42 at 𝑇፡፞ፚ፥።፧፠
= 65 ∘C with photo snapshots: start at 0 minutes, end of the EER process at ≅ 1
minute and viscous flow leading to scar disappearance at ≅ 5 minutes.

Figure 6.5: Schematic representation of entropy storage evolution in time in a damage and
healing process at ፓᑕᑒᑞᑒᑘᑖ < ፓᑘ and ፓᑙᑖᑒᑝᑚᑟᑘ > ፓᑘ.

Figure 6.6: Time evolution of the healing process of Ꭴᑊᐽ = 0.42 using snapshots of the video
footage shown in the Support Information. At healing time = 0 the scratch is fully open and the
metal substrate is clearly visible in between the two scratch fronts. At healing time = 1 minute, the EER
process is fully exploited and it brings the scratch fronts back to contact. At healing = 5 minutes viscous
flow largely takes place as evidenced by bridging and (partial) scar disappearance.

The quantification of the crack closure at the end of the healing process was per-
formed using scanning electron microscopy (SEM). The micrographs for all compo-
sitions are shown in Figure S6. In Figure 6.7 we report the quantified evolution
of the crack width at the top surface of the coating as function of the healing time
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at 𝑇፡፞ፚ፥።፧፠ = 65 ∘C. It should be noted that there was a delay of 8 minutes at 21
∘C between the damage event and the first datapoint at 65 ∘C (heal time = 0.1
min) due to SEM sample preparation time. From Figure 6 we infer that at the mo-
ment of the start of the healing process at T = 65 ∘C (heal time = 0.1 minutes) the
polyurethane coatings with dominant soft phase fractions (𝜒ፒፅ = 0.71, 0.59 and
0.51) showed comparably low scratch widths, one order of magnitude lower than
the width of the razor blade. For these polymers 𝑇 ፚ፦ፚ፠፞ ≥ 𝑇፠, and therefore the
entropy driven elastic recovery occurred right after damage and before the moment
of the actual optical observation. Since 𝜒ፒፅ = 0.27 was damaged at a 𝑇 ፚ፦ፚ፠፞ « 𝑇፠
the stored entropy is high and the scratch width at the start of the healing process
is very close to the width of the razor blade (≈ 100 μm). As expected 𝜒ፒፅ = 0.42,
being damaged near its 𝑇፠ temperature, shows an intermediate behavior.
As it can be seen, healing at 65 ∘C induced a progressive scratch closure in all the
polymers. At the end of the test (1400 minutes) all polymers show full crack closure
(the scratches become invisible by SEM), with the exception of 𝜒ፒፅ = 0.27, which
showed full closure at 2800 minutes (not shown here). It is evident that the kinetics
of scratch closure increase with the increase of the soft phase fraction. This result is
in agreement with our observations on melt dynamics (Figure 6.3), which indicate
a faster access to terminal relaxation when increasing 𝜒ፒፅ.

Figure 6.7: Scanning electron microscopy monitoring of crack closure. All the coatings were
damaged with a razor blade tip (≈ 100 µm width). As a result the initial damage width in all cases was
100 µm as indicated by the grey ball. As the SEM sample preparation process takes time, the first healing
time (healing time 0.1) was obtained after 8 minutes at T=21 ∘C. The grey lines named “invisible” and
“diffuse” refer to the optical perception of the state of the damage closure.
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6.3.4. Effect of soft phase fraction on barrier restoration

Besides scratch closure, the healing process of protective organic coatings must
take into consideration the restoration of its original functionality as barrier layer
against the ingress of electrochemical active species. For convenience we will refer
to the restoration of barrier property as scratch sealing, while the physical disap-
pearance of the scratch trace is referred to as scratch closure. We will show that
for the present PU’s the two processes are decoupled.
Figure 6.8 shows the results of the electrochemical analysis of 𝜒ፒፅ = 0.27 when
tested in two distinct conditions: (i) damaged (Figure 6.8A-I), and (ii) after 60 min-
utes healing at 65 ∘C (Figure 6.8A-II). As a result of the presence of the scratch the
coating offers no barrier to the electrolyte as seen in the total impedance similar
to that of bare steel and a phase angle much lower than that for a pure capacitor
(Figure 6.8A-I, blue diamond markers). Right after the first polarization the coating
fails even further showing processes compatible with cathodic de-bonding and gas
evolution induced during the ACET test as clearly visible in the snapshots taken
during the immersion with the CCD camera (insets of Figure 6.8A-I).
The ACET results for a sample with the same composition and damage but healed
for 1 h at 65 ∘C are radically different as seen in Figure 6.8A-II. Despite the crack
seemingly not being fully closed (Figure 6.7 points at a crack width at free surface
of ≈ 20 μm) the EIS signals suggest a complete recovery of the damage from an
electrochemical perspective (full capacitive recovery) which is maintained with in-
creasing number of polarization cycles. Similar results were obtained for most of
the other polyurethane systems studied here.
In order to obtain a quantification of the degree of restoration of the barrier prop-
erties and to be able to compare the scratched-and-healed coatings with intact
coatings of the same composition, the coating capacitances of the healed coatings
were calculated from the EIS data in a similar way as for the intact coatings and are
reported in Figure 6.8B. For coatings with high segmentation (𝜒ፒፅ = 0.51, 0.42 and
0.27) the barrier properties are completely restored to values comparable to the
intact coatings (𝐶፜ < 0.2 pF). Moreover, the in-situ imaging showed no degradation
signals at the healed scar during the whole duration of the ACET test, from which
we conclude that the scratches are fully sealed in the tested conditions.
On the other hand, the two polymers designed with the highest soft phase fraction
(𝜒ፒፅ = 0.59 and 0.71) show a substantial decrease in barrier functionality when
compared to the intact coatings. For 𝜒ፒፅ = 0.59 a high capacitance is already
probed at the first EIS measurement, even before any polarization is applied. This
suggests the presence of an electrochemical path and therefore no full scratch
sealing even though the crack width at the free surface is one order of magnitude
smaller than that of the coatings with higher segmentation (2 μm vs 20 μm, Figure
6.7). After the first polarization the coating capacitance drops to values compara-
ble to the intact coatings (𝐶፜ < 1 pF) probably due to the water-induced closure
of the damage through coating expansion, which can perfectly bridge 1 μm. The
high barrier functionality is kept intact for the subsequent cycles until, at cycle 5,
the capacitance suddenly increases probably due to the reopening of the damage
induced by the polarization events. Such a behaviour has also been observed in
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other healing systems evaluated with this technique [24] and is in line with the
delamination and significant oxide growth at the interface (insert in Figure 6.8B).
Samples with 𝜒ፒፅ = 0.71 show an analogous behavior, although in this case the fail-
ure of the healed damage occurred already after the first polarization cycle showing
a continuous increase of the capacitance with subsequent polarization cycles. Fig-
ure S12 shows the impedance and photographs before polarization and after cycle
5. The presence of two bubbles at the scratch during the first EIS suggests the in-
completeness of the damage closure while the photograph after 5 cycles shows the
same locations with bigger bubbles and delamination around the damage location,
thereby confirming the indicated continued loss of barrier functionality.
The present results show that visual scratch closure does not necessarily lead to
sealing (barrier restoration) but both are influenced by the characteristic soft phase
fraction. The physical explanation for this behavior is discussed in section 6.3.5.
Moreover, we effectively show that an optimal restoration of barrier performances
of polyurethane coatings can be obtained with targeted soft phase fraction.
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Figure 6.8: ACET results of healed PU coatings. (A-I) Bode plot of Ꭴᑊᐽ = 0.27 tested in damaged
condition (no healing treatment). (A-II) Bode plot of Ꭴᑊᐽ = 0.27 tested after healing 60 minutes at 65
∘C. (B) Coating capacitance evolution with number of polarization cycles during ACET test for all TPU
compositions. The insets in 8A-I and 8A-II are snapshot acquired at the end of the ACET tests.

As the coatings with the highest soft block ratio (𝜒ፒፅ = 0.71 and 0.59) showed
full damage closure but incomplete barrier restoration, a detailed study of the ef-
fect of healing time on sealing was performed. Figure 6.9 shows the results as
the difference between the coating capacitance at cycles 0 and 5 (i.e. |Δ𝐶ፂ| =
|𝐶ፂNumber Of DC cycle = 0− |𝐶ፂNumber Of DC cycle = 5|) as function of the healing time. The
data points plotted at healing time = 0.1 correspond to the as-damaged coatings.
The results show how the sample 𝜒ፒፅ = 0.59 reaches high degrees of sealing after
1400 minutes of healing proving that chain interdiffusion and randomisation at the
interface are time dependent processes, even if the capacitance remains lower than
that of the other samples. The sample with the highest soft block fraction on the
other hand did not show any significant improvement when healing from 60 to 1400
minutes at 65 ∘C despite the crack optically has disappeared completely (see Figure
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6.7). A possible explanation may reside in the low content of highly energetic urea
bonds as will be discussed in section 6.3.5.

Figure 6.9: Effect of healing time at 65 ∘C on the barrier property restoration for Ꭴᑊᐽ = 0.71
and 0.59. Note that the data-points plotted at Healing Time = 0.1 minute correspond to an open
damage (no healing) condition.

6.3.5. Physical insights to scratch closure and scratch sealing
As shown in section 6.3.4 a complete crack closure estimated by optical analysis
does not necessarily lead to full recovery of the electrochemical barrier properties.
This effect can be achieved when polymer diffusion and supramolecular reversible
moieties reshuffling occur at the healed interface. The polymers used in this work
contain two favorable features which promote interfacial healing. On the one hand
the effect of branch mediated tube dilation to increase chain diffusion [16] and
on the other hand the presence of dynamic hydrogen bonds (urethane and urea
units) which assist the interfacial restoration. By combining all the results above
presented it becomes clear that polymers with a higher content of monodentate
urethane linkages show faster scratch closure and damage optical disappearance
(Figure 6.10A). This comes as a result of the increase of mobility in the main chain
induced by the decrease in reversible bond connectivity (lower energy is needed
to break urethane units when compared to urea bonds). Moreover, the systems
showing faster closure benefit from a higher main chain dilution effect due to the
aliphatic side chains present in the soft segment. Nevertheless, the faster clo-
sure does not offset the beneficial effect that the reconstitution of highly energetic
(bidentate) urea units have on the interfacial healing, as shown in Figure 6.10B.
Figure 6.10C shows an schematic overview of the effect of polymer architecture
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(𝜒ፒፅ) and Urea fraction on the two phenomena investigated (damage closure and
barrier restoration). The increase in soft phase fraction leads to a larger scratch clo-
sure. Nevertheless, this increase in scratch closure does not correspond to a higher
level of barrier restoration. The results may be explained by the energetic bonding
energy of the involved dynamic groups. Since the urethane group is a monoden-
tate group and its free energy of hydrogen bond association is ≈ 25% lower than
the one calculated for urea units as obtained through quantum mechanical calcula-
tions [35], higher contents of urea groups will lead to a reduced segmental mobility
at the healed interface. The restriction of interfacial mobility induced by the urea
groups is responsible for the drop in electrolyte diffusivity (barrier increase). The
strong interfacial healing for poly(urea)urethane containing high degrees of urea
linkages [31, 36], has been already reported by others for free standing polymers
after interfaces are manually brought together. The results shown here report for
the first time a direct comparison in terms of damage closure and barrier restoration
between polymeric coatings having a gradient of monodentate and multidentate re-
versible moieties.
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Figure 6.10: Effect of Urea fraction on self-healing of protective PU coatings. (A) Residual crack
width at free surface after 60 minutes of healing at 65 ∘C as measured by SEM as function of the Urea
fraction. (B) Coating capacitance as a measure of barrier against electrolyte permeation after 60 minutes
of healing at 65 ∘C obtained after 5th polarisation cycle in ACET. Note that low coatings capacitance ፂᐺ
indicates high barrier against electrolyte migration to the metal substrate. (C) Schematic representation
of the effect of polymer architecture (Ꭴᑊᐽ) and Urea fraction on scratch closure and barrier restoration
after 60 min at 65 ∘C.
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6.4. Conclusions
The control of the soft phase fraction (𝜒ፒፅ) in segmented polyurethanes is inves-
tigated as a design strategy to conjugate efficient scratch closure to high barrier
restoration in anticorrosive barrier organic coatings. The kinetics of scratch closure
accelerates with increasing soft phase, 𝜒ፒፅ. This is in agreement with the observed
faster terminal relaxation. However, high levels of scratch closure for high 𝜒ፒፅ sys-
tems do not necessarily corresponds to higher levels of barrier restoration as shown
with electrochemical tests. More segmented coatings (lower 𝜒ፒፅ) on the other hand
show slower and sometimes even incomplete scratch closure at the coating surface,
but a more efficient sealing with high degrees of barrier restoration. This result is
unexpected but very relevant as it sets a new but crucial design criterion for corro-
sion protective and efficient self-healing organic coatings where optically detectable
damage closure cannot be directly related to restoration of the barrier functionality.
In the systems studied the reduced amount of high energetic bidentate urea link-
ages in polymers with high soft phase fraction cannot guarantees an efficient and
stable healed interface despite the more efficient damage closure. High barrier
restoration in the harder polymers may be attributed to higher content of urea link-
ages leading to stronger interfacial bonds with restricted segmental mobility. The
results moreover confirm that softer polymers with lower 𝑇፠ do not necessarily lead
to higher degrees of healing in polyurethane coatings.

6.5. Supporting Information
Synthesis of segmented polyurethanes
The syntheses of the segmented polyurethanes were performed following the pro-
cedure described in the main manuscript for 𝜒ፒፅ = 0.42. The stoichiometry was
adapted to the variation of the weight content of BDO. In Table S1 we give de-
tails about molarity and stoichiometry used for the synthesis of every segmented
polyurethane.
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Table S1. Synthesis of segmented polyurethanes: Stoichiometry and molar
content.

OH (CroHeal 1000) / Soft phase fraction NCO / OH
OH(CroHeal 1000)+OH(BDO) (𝜒ፒፅ) (total)

(mol/mol)
0.71 0.71 1.1
0.59 0.59 1.1
0.51 0.51 1.1
0.42 0.42 1.1
0.27 0.27 1.1

𝜒ፒፅ = 0.71
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 0.790 6.79
BDO 0.18 1.997

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 1.711 7.697

𝜒ፒፅ = 0.59
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 0.83 7.18
BDO 0.30 3.329

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 2.04 9.16
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𝜒ፒፅ = 0.51
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 0.88 7.56
BDO 0.42 4.66

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 2.36 10.63

𝜒ፒፅ = 0.27
Monomer Mass Molar content

(g) (mmol)
CroHeal 1000 6.0 5.00

BuAc 1.17 10.05
BDO 1.20 13.31

TEGO270 0.028 n.a.
DBTDL 0.063 0.1
IPDI 4.48 20.15

ATR-FTIR

Figure S1. ATR-FTIR spectra.
𝜒ፒፅ = 0.71
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𝜒ፒፅ = 0.59

𝜒ፒፅ = 0.51
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𝜒ፒፅ = 0.42

𝜒ፒፅ = 0.27



6.5. Supporting Information

6

177

Thermal analyses
Figure S2. Exemplificative thermograms (DSC and TGA) of 𝜒ፒፅ = 0.42.

Table S2. Thermal properties of synthesized segmented polyurethanes.
𝜒ፒፅ TGA-5% weigth loss DSC-𝑇፠ at inflection point

(∘C) (∘C)
0.71 316 4
0.59 317 7
0.51 314 14.6
0.42 305 25.5
0.27 288 27
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Intact coating capacitance as function of DC polarisation cycles
Figure S3. Intact coating capacitance as function of DC polarisation cycles.
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Scratch closure SEM results

Figure S4. Time resolved scratch closure.
Crack closure monitored by SEM. The increase of phase separation determines
larger scratch front displacement drive by EER and a slower viscous flow leading to
complete scratch closure and scar disappearance.

FTIR deconvolution matrix

Table S3. FTIR fitting deconvolution results
In the tables below we report the results of the Amide I band Gaussian fitting
performed using OriginPro 2015 software. Three fitting parameters were used: Xc
(expressed in cmዅኻ, defines the wavenumber positioning of the maximum of the
sub-band), A (defines the amplitude of the maximum of the sub-band), w (defines
the full width at half maximum). For all the fitting the coefficient of determination
|𝑟ኼ| > 0.99.
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6. From damage closure to electrolyte barrier restoration
in self-healing polyurethane coatings: a function
of the soft-to-hard ratio and hydrogen bond state

𝜒ፒፅ = 0.71
Peak XC A w

1 1675 82.75 40.84
2 1692 162.43 24.02
4 1710 165.67 28.16
5 1728 57.12 22.10

𝜒ፒፅ = 0.59
Peak XC A w

1 1675 95.81 43.78
2 1692 125.32 23.75
4 1711 244.61 37.14
5 1728 9.59 10.72

𝜒ፒፅ = 0.51
Peak XC A w

1 1675 102.44 44.58
2 1692 169.06 24.70
4 1711 157.18 28.18
5 1728 46.85 21.30

𝜒ፒፅ = 0.42
Peak XC A w

1 1675 121.37 47.15
2 1692 173.56 24.85
4 1711 134.13 25.79
5 1728 50.20 20.66

𝜒ፒፅ = 0.27
Peak XC A w

1 1674 144.73 46.85
2 1691 133.35 25.32
4 1711 214.64 37.19
5 1727 7.09 12.08
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Figure S5. Amide I band deconvolution results.
𝜒ፒፅ = 0.71

𝜒ፒፅ = 0.59
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6. From damage closure to electrolyte barrier restoration
in self-healing polyurethane coatings: a function
of the soft-to-hard ratio and hydrogen bond state

𝜒ፒፅ = 0.51

𝜒ፒፅ = 0.42
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𝜒ፒፅ = 0.27
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6. From damage closure to electrolyte barrier restoration
in self-healing polyurethane coatings: a function
of the soft-to-hard ratio and hydrogen bond state

SEM and EDX investigation of damaged and healed cross-sections
after ACET testing

Figure S6. SEM and EDX of damaged (non-healed) 𝜒ፒፅ = 0.42 sample.
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Figure S7. SEM and EDX of healed (60 minutes at 65 °C) 𝜒ፒፅ = 0.42 sample.
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6. From damage closure to electrolyte barrier restoration
in self-healing polyurethane coatings: a function
of the soft-to-hard ratio and hydrogen bond state

Additional ACET results for barrier restoration efficiency cal-
culation

Figure S8. 𝜒ፒፅ = 0.71 healed 60 minutes at 65 ∘C.

Figure S9. Open Circuit Potential (OCP) relaxation of 𝜒ፒፅ = 0.59 after direct polar-
isation.

Figure S10. 𝜒ፒፅ = 0.71 healed 1400 minutes at 65 °C
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X-Ray diffraction
Figure S11. 𝜒ፒፅ = 0.27 time resolved XRD results
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Summary

The work exposed in this thesis addresses two main scientific challenges in the field
of intrinsic self-healing polymers that limit the translation of the academic research
efforts into commercial products, namely: i) the implementation of the self-healing
functionality in polymer commodities by minimal chemical modifications; and ii) the
establishment of characterization protocols that allow a deeper understanding of
the relation between polymer structure and efficient healing capability.

Chapter 1 is an introduction to the field of self-healing polymers. The models
and theories describing the hierarchical processes regulating intrinsic healing are
reviewed. The chapter ends by setting the specific goals for the thesis work.

Chapter 2 presents regular aliphatic branching of linear polyurethanes as a way
to regulate chain dynamics and crystallisation, so that robust and healable polymers
can be designed. The polyurethanes are synthesized by the polyaddition of aliphati-
cally branched propane diol derivatives and hexamethylene diisocyanate. Following
this route the polymers present regular alkyl branches ranging from butyl (C = 4)
to octadecanyl (C = 18). The macro-rheological characterisation evidences that an
amorphous regime appears when the branch length is in the intermediate range (C
= 4 to C = 8). All amorphous systems show macroscopic healing of cut samples.
However, in this branch length regime, the molecular dynamics is accelerated with
the branch length due to the increase of the tube dilation. As a consequence faster
macroscopic healing is observed for samples bearing longer aliphatic branches (i.e.
C = 8).
No healing was observed for very short (C < 4) or very long (C = 18) brush lengths,
due to crystallisation of the main chain and the side branches, respectively. In par-
ticular, hydrogen bonds clusters form in case very short brushes are used while side
chain stacking is observed when long brushes are embodied.
Samples with medium to long length brushes (C ≥ 8) lose their interfacial strength at
the healed region after having been exposed for a long time to the healing temper-
ature. These annealed samples, despite showing good initial tackiness, are unable
to completely recover the macro-damage. A dedicated study attributes this be-
haviour to the annealing-induced interfacial crystallisation promoted by the aliphatic
branches in the polymer bulk. Polyurethanes with branch length in the range be-
tween C = 4 to C = 7 do not show such a loss of healing property, indicating this
as the optimal branch length healing regime. The work shows that polymer archi-
tecture modification via regular branching is an effective strategy to embody linear
commodities of the self-healing functionalities.

Chapter 3 and Chapter 4 deal with the development of a new rheology-based
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analysis protocol that allows the deconvolution of overlapping relaxation mecha-
nisms related to the polymer dynamics and healing. The protocol provides new
quantitative insights into early stage and long term healing in polyurethane elas-
tomers and the relation between healing and polymer structure.
Chapter 3 introduces the novel macro-rheology based fitting protocol. The classi-
cal rheological master curve is converted to a continuous relaxation spectrum 𝐻(𝜏)
and fitted using a mechanical analogue model (the Maxwell-Weichert model) opti-
mized with respect to the polymer shear moduli. By doing so we can successfully
separate overlapping relaxation phenomena in the dissipative regime for a set of
near-𝑇𝑔 intrinsic healing polymers. In particular , the protocol is able to decon-
volute the overlapped relaxations attributed to segmental mobility and reversible
interactions as shown for a set of polyimides and polyamides designed with none,
one and two near-𝑇𝑔 reversible dynamic blocks (i.e. H-bonds and aromatic inter-
actions).
The protocol provides physical and quantitative information about the relaxation
timescales and the process enthalpy of every deconvoluted relaxation through the
fitting parameters obtained. By comparing these data to the long term macroscopic
healing results of the self-healing polymers analysed, a clear correspondence ap-
pears between the energy stored by the system to accomplish a reversible tran-
sition (e.g. H-bonds), the terminal relaxation transition and the mechanical long
term healing efficiency of such polymers.

In Chapter 4 we extend the rheology-based protocol introduced in Chapter 3 to
a set of self-healing thermoplastic polyurethanes to use the quantitative information
extracted (in particular the stored work of deformation) as a tool to predict the early
stage interfacial healing properties (fracture resistance restoration). To exclude any
effect of long range dynamics the polymers were healed for short time and at low
temperature. Moreover, to obtain reliable mechanical data the samples were tested
by single edge notch tensile testing, a procedure that magnifies the data resolution
of the mechanical integrity of the healed interface by reducing bulk effects. After
healing, the fracture resistance recovery of the polyurethanes based on aromatic
diisocyanates is considerably higher than that of systems based on aliphatic and
cycloaliphatic diisocyanates, which show very limited interfacial fracture strength.
The deconvolution of the relaxation spectra 𝐻(𝜏) obtained by linear rheology gives
the characteristic relaxation times (kinetics of relaxation) and the stored work of
deformation associated to the single relaxation. The work of deformation related
to the reversible bond relaxation shows a qualitative correspondence with the in-
terfacial healing fracture resistance. Furthermore, data for the polymers showing
efficient interfacial healing suggest that there is a threshold work of deformation
below which the load transfer at the healed interface becomes very inefficient.

Chapter 5 and Chapter 6 investigate the physical aspects of scratch closure and
barrier restoration of self-healing coatings and the implication of damage closure-
sealing in corrosion protection of coated metals.
Chapter 5 is devoted to the understanding of the entropy-driven damage closure
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process and its relation to the polymer architecture in self-healing polyurethane
coatings. The work addresses the existence of a quantitative relation between
scratch closure and released entropy. Such a result is obtained by quantifying stored
and released entropy density via a dynamical mechanical analysis and through a
careful control of both damage and healing temperatures during the scratch healing
experiments. It is shown that scratch closure displacement increases linearly with
released entropy.

Chapter 6 investigates the relation between polymer structure and the two as-
pects of healing of organic protective coatings: the damage disappearance of visual
damage (closure) and electrochemical barrier restoration (sealing). The polymer
structure is controlled by varying the mobile phase fraction of a set of thermoplas-
tic polyurethane coatings. The scratch closure is monitored and quantified using
scanning electron microscopy while the barrier properties restoration (sealing) are
probed by accelerated cyclic electrochemical technique. The research shows that
the two properties are decoupled: the damage closure kinetics accelerates with the
increase of soft phase fraction, but a higher optical closure does not necessarily cor-
respond to a higher level of corrosion barrier restoration. The apparent discrepancy
could be resolved by focusing on the balance between bidentate urea bonds and
monodentate urethane linkages, in view of the difference in binding energy.





Samenvatting

Dit proefschrift beschrijft twee belangrijke wetenschappelijke uitdagingen op het
gebied van intrinsiek self-healing polymeren die tot nu toe de transitie van acade-
misch onderzoek naar commerciële toepassingen belemmeren: i) de implementatie
van self-healing functionaliteit in standaard polymeren via kleinere chemische mo-
dificaties en ii) de formulering van testprotocollen die leiden tot een beter begrip
van de relatie tussen de structuur van het polymeer en zijn self-healing gedrag.

Hoofdstuk I is een korte inleiding in het veld van self-healing polymeren. Het
vat de bestaande modellen en theorieën rond de hiërarchie van self-healing poly-
meren samen. Het hoofdstuk eindigt met het formuleren van de doelstellingen voor
dit onderzoek.

Hoofdstuk 2 presenteert het gebruik van vertakte alifatische monomeren in de
creatie van lineaire polyurethanen om de keten-dynamiek en kristallisatie te regule-
ren met als doel om robuuste self-healing polymeren te ontwikkelen. De polyuretha-
nen zijn gebaseerd op vertakte alifatische propaan-diol varianten en hexamethyleen
di-isocyanaten. De ketenlengte van de zijtakken wordt gevarieerd van 4 tot 18. De
macro-reologische karakterisering laat zien dat het beste self-healing gedrag ver-
kregen wordt als de lengte van de zijgroep tussen de 4 en 18 ligt. De moleculaire
kinetiek neemt toe als de lengte van de zijketens toeneemt. Geen healing werd
waargenomen als de zijketenlengte kort (C=4) of lang is (C=18). Dit wordt res-
pectievelijk toegeschreven aan voortijdige kristallisatie van de hoofdketen dan wel
die van de zijketen. In het geval van korte zijketens spelen waterstofbindingen een
belangrijke rol terwijl het stapelen van de zijketens een belangrijkere rol speelt bij
langere zijketens. Preparaten met een gemiddelde zijketenlengte groter dan 8 ver-
toonden een verlies aan sterkte na langdurige blootstelling aan de initieel optimale
hersteltemperatuur. Verder onderzoek liet zien dat dit verlies aan sterkte-na-herstel
het gevolg is van kristallisatie van de zijketens in de omgeving van het oorspron-
kelijke breukvlak. Polymeren met een zijketenlengte van 4-7 lieten dit ongewenste
lange-duur gedrag niet zien en zijn daarom betere self-healing polymeren. Het on-
derzoek van dit hoofdstuk laat zien dat aanpassing van de ketenstructuur middels
periodieke zijgroepen een geschikte route is om gewenst self-healing gedrag te ver-
krijgen.

Hoofdstukken 3 en 4 zijn gericht op de ontwikkeling van een nieuw op reologie
gebaseerd protocol om het mechanisch relaxatie spectrum te ontleden in de di-
verse componenten die bijdragen aan polymeer-dynamica en self-healing gedrag.
Het protocol verschaft nieuw inzicht in zowel het lange-termijn als het korte-termijn
gedrag van self-healing polyurethaan elastomeren en leidt daarmee tot een beter

195



196 Samenvatting

begrip van de relatie tussen ketenstructuur en het te verwachten self-healing ge-
drag.
Hoofdstuk 3 beschrijft het nieuwe protocol. De gebruikelijke reologische ‘master
curve’ wordt omgezet in een continu relaxatiespectrum 𝐻(𝜏) dat vervolgens gefit
wordt aan een verwant mechanisch model (het Maxwell-Weichert model) voor de
afschuif-moduli van polymeren. Op deze manier slagen we er in om overlappende
relaxatie fenomenen in intrinsiek self-healing polymeren rond hun glasovergangs-
temperatuur te scheiden. Dankzij dit protocol kunnen de relaxaties als gevolg van
ketenmobiliteit en die van reversibele interacties gescheiden worden. De potentie
van het protocol is aangetoond in onderzoek aan een collectie van polyimides en
polyamides met één of twee reversibele dynamische entiteiten (waterstof-bruggen
dan wel aromatische interacties).
Het protocol verschaft fysisch en kwantitatief inzicht in de tijdsconstantes en de
enthalpie van de diverse relaxaties. Door de fit-parameters goed te analyseren kan
een relatie gevonden worden tussen het energieniveau van een bepaalde overgang,
de kinetiek van het herstelproces en het lange-duur mechanisch gedrag van derge-
lijke polymeren.

In Hoofdstuk 4 gebruiken we het protocol zoals beschreven in Hoofdstuk 3
om het korte-termijn herstelgedrag , en in het bijzonder dat van de breuktaai-
heid, van een aantal thermoplastische polyurethanen te analyseren op basis van
de hoeveelheid opgeslagen energie. Hiertoe werden zogenaamde ‘single edge’ in-
gekeepte preparaten gebruikt omdat die een grotere gevoeligheid hebben voor de
herstelreacties op het eerdere breukoppervlak. De experimenten lieten zien dat
de polyurethanen op basis van aromatische di-isocyanaten een groter herstel van
de breuktaaiheid vertoonden dan de systemen gebaseerd op alifatische of cyclo-
alifatische di-isocyanaten. De deconvolutie van de relaxatiespectra gaf duidelijk
aan waarom dat het geval was. Uit de analyse blijkt dat er een zekere hoeveelheid
opgeslagen mechanische energie in de omgeving van het oorspronkelijke breukop-
pervlak nodig is om effectief herstelgedrag te laten plaatsvinden.

Hoofdstukken 5 en 6 richten zich op de fysische aspecten van het sluiten van
oppervlaktescheuren en het herstel van de corrosie-werende werking van polymeer
coatings op metallische substraten.
Hoofstuk 5 is gericht op het begrijpen van de relatie tussen het sluiten van een op-
pervlaktescheur in polyurethaan coatings en de hoeveelheid entropie-verandering
die daarmee gepaard gaat. Deze entropyverandering werd bepaald uit Dynamisch
Mechanische metingen. De relatie met het self-healing vermogen werd geverifieerd
door te kijken naar scheursluiting als functie van het verschil in de temperatuur van
aanbrengen van de kras en die van het herstellen van de kras. De hoeveelheid
opgeslagen mechanische energie rond de kras bleek de beperkende factor te zijn
voor de mate van herstel.

Hoofdstuk 6 beschrijft het onderzoek naar de relatie tussen de ketenstructuur
en twee belangrijke aspecten van het herstel van beschermende organische coa-
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tings: het verdwijnen van visueel waarneembare schade (het sluiten van de kras) en
het herstel van de corrosiewerende werking. Daartoe werd de ketenstructuur van
een aantal thermoplastische polyurethaan coatings gevarieerd middels aanpassing
van de mobiele fractie. Het sluiten van de scheur in de tijd werd gevolgd middels
rasterelektronenmicroscopie. Het herstel van de corrosiewerende werking (het ‘se-
alen’) werd gevolgd middels een cyclische elektrochemische techniek voor het doen
van versnelde corrosietesten. Het onderzoek liet zien dat de twee herstelprocessen
niet gekoppeld zijn: het sluiten van de kras gaat sneller met toenemende fractie
mobiele fase, maar een versnelde sluiting van de kras ging niet samen met een
compleet herstel van de corrosiewerende werking. De ogenschijnlijke discrepan-
tie kon verklaard worden door te kijken naar de balans tussen de bidentate urea
bindingen en de monodentate urethaan bindingen, met het oog op het verschil in
bindingsenergie.
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